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The overall goal of this study was to determine the viability and effectiveness of a novel 
approach utilizing ethnobotanically guided chemometric comparisons to discover and identify 
biologically active compounds within the plant species Phytolacca americana L. A second goal 
of this study was to use the data and results obtained through this process to obtain a better 
understanding of the plant’s biological and chemical properties and their influence on 
preparations of the plant. These goals were accomplished through the completion of several 
specific aims. 
First, a review of the available ethnobotanical and scientific knowledge on the species 
was compiled and used to guide further experiments. In the second aim 10 triterpenoid saponins 
from P. americana material were isolated and characterized to be used as standards. The third 
aim determined the chemical profiles and biological activities associated with P. americana 
samples harvested and prepared in accordance with traditional practices. Analysis and 
comparisons showed that the leaves harvested and prepared according to folk practices did not 
show activity in toxicity assays performed, whereas leaves harvested outside of the 
recommended season and leaves not properly cooked did show activity in the toxicity assays. For 
root materials, results supported the harvesting of material in the winter months as per traditional 
practice. Roots harvested in the winter were active in assays investigating intracellular oxidative 
stress and the targets related to inflammation and metabolic disorder, whereas roots harvested in 
 
iii 
the spring were not. The fourth aim of this study used statistical comparisons to identify 
compounds that differed significantly between the different samples and determined if these 
compounds could be correlated to the samples’ bioactivities. These statistical comparisons 
showed that the triterpenoid saponins were correlated with the activities of the samples. For the 
leaf samples two compounds with demonstrated bioactivity, namely phytolaccoside B and 
phytolaccoside D were putatively identified. Several biologically active compounds were also 
identified through the root comparisons, namely phytolaccoside D, phytolaccagenin and 
phytolaccoside A. 
The overall results of these analyses provide significant evidence supporting the use of 
this ethnobotanical guided chemometric approach for the discovery of biologically active 
compounds in plant materials as well as provide further insights into the impact traditional 
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CHAPTER 1 INTRODUCTION 
 The potential for the utilization of plants as food and medicine is immense. The diversity 
and variability exhibited by the plant kingdom, however, makes investigating these potentials a 
daunting endeavor. This complexity is exacerbated by the large number of chemical constituents 
found within each plant. It is simply not possible to identify, characterize and determine the 
biological activities associated with every single constituent within every single plant. 
Additionally these chemical profiles are not static as environmental and seasonal effects can 
have a significant impact on plant chemical profiles1,2. Many plant species also have chemotypes 
that can have large differences in the quantities of individual compounds and these differences 
may be reflected by the location of the plant populations1,2. How the plant is harvested, stored, 
handled and/or prepared can also have significant impact on their chemical profiles1–5. 
  Investigations into the use of plants need not be completely undirected, as a wealth of 
information on the use of plants can be found in traditional systems6,7. These systems identify 
useful species that can be used in specific ways and for specific purposes. In many cases, these 
systems also provide important details for the plants proper utilization including which parts of 
the plant should be utilized, when the plant should be harvested and how it should be 
prepared1,6,7. This knowledge can serve as an informative base through which the potential uses 
of many plant species can be determined. The information obtained from these sources is limited, 
however, as much of the information has been obtained through general phenotypic observations. 
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Truly effective use of a plant would require a greater understanding of the biological effects 
exhibited by the plant and the underlying causes of these effects.  
 The biological effects of a plant are due to the primary and secondary metabolites the 
plant produces. Since the biological activities associated with a plant is dependent on its 
chemical profile, any change within these profiles could result in corresponding changes in the 
biological activities. These variations in chemical profiles could allow for a means through 
which detection of biologically active compounds could be accomplished. It is proposed that 
using an approach that would compare the chemical profiles of active and non-active samples to 
determine which chemical compounds are different between these samples could allow for the 
identification of those compounds that are responsible for the biological activity associated with 
the sample. 
 Such an approach would require the ability to detect a large number of compounds within 
a plant sample. Advances in chromatography, chemometrics and spectroscopy have enabled 
researchers the ability to acquire significant, high-dimensional and complicated data sets making 
such investigations possible. Tightly packed analytical columns using small particle sized 
material and instruments capable of sustaining high pressures have allowed for quicker and more 
efficient analytical runs. High resolution mass spectrometry allows for the efficient collecting of 
sensitive and highly accurate mass measurements for each of the components within complex 
matrices. Through these methodologies it is possible to generate the metabolome of the species, 
or the comprehensive set of small molecules present in an organism, at a specific time and under 
specific influences8–10. While analysis of such data can be challenging, the utilization of 
computing power and the application of appropriate statistical tools can assist in the 
interpretation and prioritization of data. 
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 Conventional bio-assay guided fractionation experiments require bioassays be performed 
at each stage of fractionation on several fractions. The cost in time and resources spent 
performing and waiting for the results of these bioassays can be high for some investigations. A 
major advantage a method that correlates biological activity and chemical profiles has over a 
conventional bio-assay guided fractionation method is that the majority of bioassays would be 
performed up-front. In the former, bioassays would be used for classification of the samples, not 
to directly guide the isolation and identification of any compounds. The statistical comparisons 
would identify the compounds of interest and the mass spectrometry and chromatography data 
for those compounds will serve as the basis through which identification and isolation studies are 
performed. In cases where there is a high degree of confidence in the available data obtained 
from traditional and scientific literature, it may even be possible to rely solely on the literature 
when classifying samples and forego performance of bioassays. 
 Another significant advantage of an approach utilizing chemometric comparisons is the 
flexibility it allows in selection of significant compounds. The significance levels for the 
statistical methodologies employed for the selection and prioritization of data are adjustable. The 
decision on what level of confidence each statistical test should be set at is an important 
consideration. Lowering the level of confidence will provide a greater number of lead 
compounds but will also result in a greater probability of encountering false positives. 
 In order to test this approach an investigation into Phytolacca americana L. 
(Phytolaccaceae) was proposed. The history, available information and chemical and biological 
attributes associated with this plant makes it an intriguing subject in its own right as well as an 




 Commonly referred to as poke, pokeroot or pokeberry, P. americana is a perennial, 
herbaceous dicot commonly found in the Southeastern United States11,12. Despite its documented 
toxicity, the plant has a long history of safe use as a food and folk medicine13–15. Studies on the 
plant have confirmed that it possesses toxic, anti-inflammatory, immunodulatory and antifungal 
properties and several biologically active compounds have been isolated from the plant16–19. 
According to traditional knowledge and human experience, the most important factors that 
determine the potential of P. americana to be a safe food, deadly poison or therapeutic plant are 
the plant parts used, when it is harvested, how it is prepared, and the amount of material 
consumed1. Traditional and folk sources provide significant details on each of these factors, 
providing an excellent starting point through which to begin selection and collection of samples. 
The available knowledge on the biological activities and chemical compounds associated with 
the plant also provides guidance on what bioassays could be performed and a general idea on 
what some of the compounds identified may be. As an additional advantage, the widespread 
distribution of the plant ensures sample collection would not be a significant issue. 
 Study of P. americana therefore presents an interesting evaluation of the risks and 
benefits of a folk remedy that is persistently and enduringly used in the Southeastern United 
States. The different factors that influence the safe and proper use of the plant in food and 
medicine have not been sufficiently explored with modern scientific tools. Using a chemometric 
and statistical approach could be an ideal method through which these factors could be explored. 
This overall goal of this study was to determine the viability and effectiveness of a novel 
approach utilizing ethnobotanical guided chemometric comparisons to discover and identify 
biologically active compounds within the plant species Phytolacca americana L. This approach 
can be tested by comparing the inherent chemical and biological variability within Phytolacca 
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americana L. samples harvested and prepared according to traditional and folk practices and 
determining if biologically active compounds can be identified. A second goal of this study was 
to use the data and results obtained through this process to support the further development of 
safe and effective traditional preparations of the plant. These goals were accomplished through 
the completion of several specific aims. 
The first aim of this study was to compile the available traditional, folk and scientific 
knowledge of P. americana to guide the collection, preparation and analysis of the plant material 
in this study. In accordance with this aim, chapter 2 of this dissertation provides a review of the 
plant’s traditional and scientific knowledge. The second aim of this study was to isolate, 
characterize and determine the associated bioactivities of several compounds from P. americana 
plant material. The isolation of biological active compounds from the roots of the plant provides 
standards that can be used to support the subsequent investigations into the plant’s chemical and 
biological properties. The isolation and characterization study as well as its results are described 
in chapter 3 of this dissertation. 
The third aim of this study was the determination of both the chemical profiles and 
biological activities of different P. americana samples harvested and processed in accordance 
with traditional practices. The examination of the chemical and biological variability associated 
with the different samples will provide a macroscopic view of the chemical and biological 
variability of the different material as well as allow for the observation of trends and properties 
associated with the different harvesting times and treatments. The results from this aim will also 
serve as a basis through which this overall study’s proposed statistical comparisons can be 
performed. Chapter 4 of this dissertation focuses on this aim. 
The fourth aim of this overall study is the focus of chapter 5 of this dissertation. This aim 
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used statistical comparisons to identify compounds that differ significantly between the different 
samples prepared, classified and analyzed in the previous aim and determine if these identified 
compounds can be correlated to the observed bioactivities of the plant material. The isolated 
compounds obtained in the second aim were used as standards to facilitate the identification of 
compounds found to be significant through the comparisons. The successful identification of 
bioactive compounds through these statistical comparisons demonstrated the utility and 
effectiveness of the proposed novel approach for the discovery of biologically active compounds 





CHAPTER 2 PHYTOLACCA AMERICANA L.    
 This study is focused on Phytolacca americana L. (Phytolaccaceae) a perennial, 
herbaceous dicot commonly known as poke, pokeweed or pokeroot (Figure 2.1 and Figure 
2.2)12. The plant grows readily in its native environment and is a common sight along edge 
habitats such as roadways and forest edges11. 
Although generally considered a toxic weed, the 
plant has a long history of use as both a food and 
medicine12,15–17. The plant presents a remarkable 
illustration of the risk versus benefit evaluation of 
a traditional folk plant with potentially serious 
toxicity issues that is nevertheless still consumed 
as a wild food and used as a folk medicine to this 
day. This chapter will provide an overview of P. 
americana, including its historical and traditional 
uses and current knowledge regarding its botany, 
biology and chemistry. The information in this 
chapter will serve as the basis from which the rest 
of this study will be built upon.  
 
Figure 2.1 Phytolacca americana L. shoots 




Figure 2.2 Mature Phytolacca americana L. plants photographed beside the Highway 7 bridge in 




Phytolacca americana L., is native to North America and thrives in the geographic 
climate just north of the tropics (Figure 2.3)20. Although found predominantly in the 
Southeastern United States, the range of the species extends from northeast Mexico to 
southeastern Canada11,20. Human cultivation of the species has resulted in its introduction into 
parts of Europe, Asia, Africa and Australia where it has since spread and naturalized itself into 
the wild11,12. Its spread and distribution appears to be limited by temperature and availability of 
water, as it was observed that the plant requires average daily temperatures higher than 68° F in 
the summer months and ample water in the spring months in order for it to be able to produce 
seed containing fruit11. 
 
Figure 2.3 North American nativity status map for Phytolacca americana. The green shaded areas 
represent the states and provinces where the plant is considered to be native to. Map obtained from 
http://plants.usda.gov/core/profile?symbol=pham4 courtesy of USDA, NRCS. 2015. The PLANTS 




The fruits and seeds of P. americana are heavily reliant on bird dispersal and this is the 
predominant means for the species’ spread in the wild11,21. The fruits of the plant are consumed 
by a variety of small migratory birds, but the presence of toxic constituents within the fruit and 
seeds appear to act as deterrents to mammalian ingestion11,21,22. The fruits do not all ripen at the 
same time and it is common to see a mixture of ripe and immature berries on the same plant from 
August to October. This provides ample opportunity for birds to consume the berries and spread 
the seeds within from late summer and well into winter.  
The species is a tolerant pioneer and grows readily in disturbed soil on border areas 
between thickets, woodlands, forests, clearings, fields and/or roadsides11,21,22.  The seeds can 
remain viable for a long time having been shown to withstand burial for almost 40 years11. 
Dormant seeds can rapidly germinate upon disturbance of soil and vegetation within their 
habitat11. The seeds of the species are thus able to spread to new areas and survive in a dormant 
state until conditions appear to be favorable, whereupon it can quickly take root and grow. It is 
tolerant of both sun and shade conditions and once it has taken root can grow quite rapidly into 
large tall plants with thick stems. These properties have led many to describe this plant as being a 
weed. 
Botanical Description 
Phytolacca americana is one of about 25 species within the genus Phytolacca, the largest 
genus within the family Phytolaccaceae12. The common name for the plant, ‘poke’, is thought to 
be derived from the Algonquin term “pocan” or “puccoon” which is used to describe a plant that 
contains dye and a ready reference to the juice obtained from the plant’s mature fruit12,14,15. Other 
common names attributed to the plant include pokeroot, pokeweed, pokeberry, inkberry and 
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pigeonberry, all of which are references to the plants predominant attributes12,15. 
The plant is an herbaceous perennial dicot that emerges from root stocks or seeds 
between late May and mid June12,15,23. The plants grow rapidly and can reach heights of up to 2.5 
meters tall12,15. Stems are smooth, round and will thicken and turn a distinct deep purplish red 
color as the growing season progresses. The light green alternate leaves are ovate with smooth 
margins, prominent veins and can grow to 35 cm long and 18 cm across (Figure 2.4)12,15. 
 
Figure 2.4 Leaves on Phytolacca americana L. shoots. Photograph was taken in Water Valley, MS in 
May 2013. 
Flowers appear from late June into July and typically remain until August on a narrow 
open raceme (Figure 2.5)12,15. The flowers consist of 5 sepals and from 6-12 carpels that are 
ovate to suborbiculate and equal to subequal12. The approximately 6 mm diameter flowers range 




Figure 2.5 Phytolacca americana L. flower buds. Plant was photographed at the Maynard W. Quimby 
Medicinal Plant Garden at the University of Mississippi in July of 2013. 
Green berries begin appearing on the plant in July. Berries range from 6 -11 mm in 
diameter and contain from 6 – 12 seeds. Ripe berries start appearing on the plant in early August 
with berries on individual racemes ripening throughout August to October.  It is common to 
observe fruits of various maturities on the same plant throughout these months (Figure 2.6). 
When fully mature the berries are a deep purple-black color and the racemes are purplish-red 
(Figure 2.7)11. The stems and racemes begin to degenerate and fall to the ground in late autumn, 
completely dying off in late November to early December12. Mature and dried out fruits will 
remain firmly attached to the inflorescence even as the stalk dies21. 
P. americana possesses a large, fleshy primary taproot (Figure 2.8). The thick obconic 
root can reach several decimeters in diameter12,15. Lateral roots do extend from the primary root, 





Figure 2.7 Phytolacca americana branch with berries and stamen. Branch was cut from a plant growing 
at the Maynard W. Quimby Medicinal Plant Garden at the University of Mississippi in October 2012. 
Figure 2.6 Phytolacca americana L. plant (plant on left) growing in the Oxford Community Garden in 




Figure 2.8 Phytolacca americana root and stem. The plant was harvested from the Maynard W. Quimby 
Medicinal Plant Garden at the University of Mississippi on October 2012. 
Traditional and Folk Use 
It has been widely reported that P. americana possesses toxic properties12,13,25–27. 
Ingestion of all parts of the plant has been associated with burning of the mouth and throat, 
profuse sweating, abdominal cramps and pain, vomiting with salivation, nausea, watery or 
bloody diarrhea, visual disturbances, and weakened respiration25–27. Other symptoms reported 
include generalized weakness, headaches, dizziness, hypotension and tachycardia25–27.  
Despite its associated toxicity, P. americana has been utilized by humans for a variety of 
purposes13,14,16,24,28. The deep purple color made the juice from the berries attractive for use in 
dyes and inks as well as coloring in foods, candies and frostings13,14,24. The purple juice was also 
used by some unscrupulous European winemakers as an adulterant to add a deeper more 
attractive color to their red wines14,23. The berries were, and still are, used for making home-
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made wines and pies14,23. Folk tradition also reports the use of P. americana berries for 
therapeutic purposes as well. The Mohegan and Iroquois used a poultice of mashed berries to 
treat breast sores and skin lumps respectively13,23. North American colonists also used the 
concentrated juice to treat cancer13,24. The Rappahannock tribe utilized an infusion of berries to 
treat dysentery23. The Cherokee would use berry infusions to treat arthritis and rheumatism 
whereas the Seminole tribes would eat whole berries for pain relief23,29. In Northern Mississippi, 
Edward Croom interviewed a resident of Taylor MS who stated he swallowed 2-3 whole ripe 
berries, being sure not to chew the seeds, during the summer for flexible joints (E. Croom, 
unpublished ethnobotanical field research in Northern Mississippi, 2012). 
The apparent contradiction of willingly consuming a recognized toxic ingredient for 
nutritional and/or medicinal purposes is not limited to the fruits of P. americana. All parts of the 
plant are considered toxic to mammals; yet, many of the plant parts have been utilized by 
humans in some way. Young shoots of the plants were traditional served as a side dish by the 
North American Native Indians and are still consumed by people in the Southeastern United 
States today14,29,30. Young shoots less than 4”- 6” high are harvested, cut and boiled with three or 
four changes of water and then fried in fat or pickled14. The Cherokee Indians used the shoots as 
a laxative29. Older stems were generally considered too toxic for consumption as a food23. 
P. americana leaves were also used as a food, though some sources state they possessed 
benefits beyond simple nutrition and consider the ingredient to have therapeutic and/or 
rejuvenating abilities14,15. The plant’s leaf and stems, collectively termed as poke greens, were 
harvested and consumed by Native American tribes and the earliest American settlers13,14,23. 
Poke greens were particularly popular in the early spring as they were among the earliest 
consumable greens to appear in the spring and thus were often the only edible fresh greens 
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readily available immediately following the winter14,15. Even today, despite its associated 
toxicity, poke greens remain a persistent, though not necessarily common, food consumed by the 
people in the Southern United States12,14,30. 
Harvesting and preparation of P. americana leaf material for ingestion shares many 
similarities with the harvesting and preparation of the stems. Traditional sources stress that the 
leaves that are to be used as food should be harvested before the plant becomes too mature, 
although the exact definition of mature varies by source. In general traditional sources 
recommend that only young shoots and new tender leaves from plants less than 6 inches long 
harvested in the early spring be used13–15,31,32. Furthermore, most sources agree that the presence 
of any red color on the stems, regardless of time of season and height of the plant, precluded its 
harvest as well14,15,31,32. Recently in Northern Mississippi however, Edward Croom documented 
the collection and consumption of leaves on larger plants whose stems had not yet turned red and 
flowers or berries had not yet appeared on the plant (E. Croom, unpublished ethnobotanical field 
research, 2013). 
Once harvested and cleaned, the leaves, sometimes combined with the young shoots, are 
boiled generally two to three times or more times, with the water used in the boiling 
discarded14,15,31,32. The boiled greens would then be cooked in grease or with bacon fat and may 
be combined with some salt, bacon, eggs and/or other greens14,31,32. ‘Poke sallet’, as the dish is 
commonly referred to, was not consumed solely as a food, as several sources prescribe the dish 
as a spring tonic, blood purifier and/or invigorator to be taken in the early spring13,15. 
Ingestion of mature, raw or improperly prepared poke greens material has been 
associated with cramps, upset stomach, burning of the mouth and vomiting14,25,27,31. Sources note 
that these effects are not particularly fast acting, with symptoms typically reported to not appear 
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until one or two hours have elapsed post ingestion25,27. Effects, however, have been known to 
persist for a long time. Other effects that have been reported following ingestion include 
drowsiness, vertigo, and dimness of vision25,27. 
From a therapeutic standpoint, the most important part of the plant is its roots.  P. 
americana possesses a large fleshy taproot that can grow to be several decimeters in diameter in 
older plants. The root material is traditionally used as a tonic and is touted for use for the 
treatment of rheumatism, joint pain and stiffness13,15,16,23,24,28. Root tinctures are also used as 
emetics, purgatives and for the treatment of inflammation, ulcers and skin maladies13,15,16,23,24,28. 
Traditional sources stress that for medicinal purposes only roots harvested in the winter should 
be used with the 1918 Dispensatory of the United States of America specifying that roots should 
be dug up in late November28. Root materials are cut, dried and extracted with aqueous alcohol 
to create tinctures16,28. Only a drop of tincture is prescribed and caution is advised as the root is 
considered highly toxic and overdoses of the tincture are associated with the same toxic effects 
as described for the ingestion of toxic poke greens15,16,24,28. 
Biologically Active Constituents 
Studies on P. americana material have confirmed the plant possesses several biological 
activities including toxicity, anti-inflammatory, immunodulatory, anti-oxidant, antimicrobial, 
antiparasitic, antiviral and antifungal effects16,18,33–37. Several active compounds have also been 
isolated from the plant, most notably triterpenoid saponins and lectins18,33,36–39. Both of these 
compound classes can act as irritants to the gastrointestinal tract and may account for the adverse 




The triterpenoid saponins isolated from P. americana thus far are oleanane-type 
triterpenoids18,36,37,40–46. The majority of these saponins share one of four backbones, 
phytolaccagenin, jaligonic acid, phytolaccagenic acid and esculentic acid (Figure 2.9)18,36,40–46. 
Several pentose and/or hexose sugars can be found attached at the C3 and/or C28 
positions18,36,40–46. Although found throughout the plant material, the highest concentration of 
these saponins have been reported to be in the root of the plant18,46. P. americana derived 
saponins have been reported to have several biological activities including molluscicidal, anti-
inflammatory, antifungal, antibacterial and acarididal actions18,19,36,37,47,48. 
 
Figure 2.9 The four major backbones that have been found in the majority of the triterpenoid saponins 
isolated and elucidated from P. americana so far: A = esculentic acid, B = jaligonic acid, C = 




There have been five lectins isolated and characterized from P. americana root material 
designated as PL-A, PL-B, PL-C, PL-D1 and PL-D2 (Table 2.1)34,38,49. These lectins range in 
size from 9 to 34 kDa and are composed of several chitin-binding domains50–52. These lectins 
have been shown to possess varying hemagglutination or mitogenic potencies with PL-B shown 
to have the most potent haemagglutination and mitogenic activities49,53,54. The mitogenic lectins 
in P. americana appear to activate both B and T cells which is in contrast to most mitogenic 
lectins found in plants which typically only activate T cells34,38.   
 
Table 2.1 Properties of Characterized Pokeweed Lectins. Adapted from Yamaguchi et al. 200449 and 
Hayashida et al. 200350. Molecular weights were estimated using tricine SDS PAGE with estimates using 
ovalbumin (45kDa), alpha-chymotrypsinogen (24 kDa), myoglobin (17.2 kDa), cytochrome c (12.6 kDa) 
and aprotinin (6.5 kDa) and calculated from chemical structures. 








PL-A Pa-3 Monomer Hemagglutination, Mitogenic 17,000 16,378
 
PL-B Pa-2 Monomer Hemagglutination, Mitogenic 36,000 34,493 
PL-C Pa-4 Dimer Mitogenic 15,000 13,747 
PL-D1 
Pa-5a 
Monomer Hemagglutination 9,500 9,317 
PL-D2 Monomer Hemagglutination, Mitogenic 9,400 9,103 
a The lectin first reported as Pa-5 was subsequently found to be a mixture of PL-D1 and PL-D2 following 
further study49.    
An additional isolectin, designated Pa-1, has also been isolated from P. americana 
material although no definitive structure has been assigned to it yet38. Pa-1 was determined to be 
the hexamer or dodecamer of a 22-kDa glycoprotein and was also found to be have both 
mitogenic and hemagglutination properties38. 
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Another important group of proteins present in P. americana are the pokeweed antiviral 
proteins39. Several pokeweed antiviral protein isoforms have been discovered in various parts of 
the plant and at various seasons (Table 2.2)35,39,55. These proteins are type I ribosome 
inactivating proteins that have been shown to be potent inhibitors of eukaryotic protein synthesis 
and several plant and animal viruses35,39. They consist of a single intact polypeptide of ~ 30 
kDA, are strongly basic and inhibit protein translation by catalytically removing selective 
adenine and guanines on ribosomal RNA55,56. Antiviral activity associated with the pokeweed 
antiviral proteins does not appear to be solely due to ribosomal inactivation as the proteins have 
been shown to also depurinate adenine-containing polynucleotides, single-stranded and double-
stranded DNA and capped and uncapped mRNA33,55–57. The proteins are found in high 
concentration in the plant cell walls in their active forms55,58. It is believed that viral breaches 
through the cell wall allows for the release of the proteins as well, thus allowing them to attack 
both its own ribosome and the viral genetic material to prevent further viral replication58.  
Table 2.2 Properties of poke antiviral protein isoforms. Adapted from Domashevskiy and Goss, 201555. 
Isoform Poke Plant Part Source ~ Molecular Weight (kDa) 
PAP-I Leaves Harvesting in Spring 29 
PAP-II Leaves Harvested in Summer 30 
PAP-III Leaves Harvested in Summer 30 
PAP-S1 Seeds 29 
PAP-S2 Seeds 29 
α-PAP All Parts 28.9 
PAP-R Roots 29.8 
Flavonoids 
Several flavonoids and phenolic acids have been isolated from P. americana leaf and 
berry material including synaptic acid, p-hydroxybenzoic acid, vanillic acid, p-coumaric acid, 
ferulic acid and caffeic acid as well as several kaempferol pyranosides and quercetain 
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glucosides59,60. These compounds have been shown to possess several activities including anti-
inflammatory and anti-oxidant properties. 
Betalains 
The characteristic deep purple colour of P. americana berries, mature stalks and mature 
stems are attributed to betalains within the plant61,62. The betalains, which include the red-violet 
betacyanins and the yellow-orange betaxanthins, have been shown to have antioxidant 
properties61,62. These compounds are water soluble and readily destroyed when exposed to 
elevated temperatures, especially in their purified forms58. These properties limit their use as 
dyes although, as noted above, there have been several historical and folk applications where 
juice from the berries is used as a colorant. The major betalains isolated from P. americana 
berries were prebetainin, betanin, isobetanin and betanidin 5-O-[5”-O-E-feruloyl)-2’-O-β-D-
apiofuranosyl]-β-D glucopyranoside61. Among the other betalains isolated from berries were 
several betalains with novel salicylic acid substitution patterns62. 
Organic Acids and Phytochelatins 
P. americana has been shown to have significant levels of organic acids63. Leaves of the 
plant were shown to have high oxalic acid content and lower levels of malic and citric acids63. 
The opposite trend was observed in root material63. High levels of oxalates have also been 
observed in the leaf vacuoles63. Studies suggest the high oxalic acid content allows the plants to 
counteract effects of absorbing toxic metals from its environment63,64. Indeed, the plants have 
been shown to readily accumulate heavy metals from contaminated soils and manganese 
accumulation and distribution in the plant appears to be predominantly influenced by oxalic acid 
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in the leaves63. 
P. americana has also been shown to readily absorb cadmium. Unlike manganese 
accumulation, cadmium accumulation appears to be dependent on binding to phytochelatins 
predominantly found in the roots of the plant63,65,66. These phytochelatins are thiol-rich peptides 
with the general amino acid structure of (γ-Glu-Cys)n-Gly with n values ranging from 2 -
1163,65,67. The predominant forms found in P. americana have n = 2 and 3. The ability of P. 
americana plants to readily accumulate metals from its soil environment has made it a potential 
candidate for use in the phytoremediation of contaminated environments. 
Summary 
 Overall Phytolacca americana is an intriguing folk plant to study. Despite its known 
toxicity and reputation as a weed, the plant boasts a long history of use in food and medicine that 
persists to this day. Traditional knowledge and human experience indicate that the most 
important factors that determine the potential of the plant to be a safe food, a therapeutic or a 
deadly poison are the parts used, when it is harvested, how it is prepared and the amount of 
material consumed. Traditional and folk sources provide significant details on each of these 
factors and additional chemical and biological investigations have since provided additional 
insights. The history, available information and chemical and biological attributes associated 






CHAPTER 3 ISOLATION OF BIOACTIVE TRITERPENOID SAPONINS 
 It was necessary to isolate and characterize several major compounds from the P. 
americana material for use as standards and reference material to support this study. The 
majority of the literature and isolation studies performed on P. americana have focused on 
triterpenoid saponins within the plant18,36,40–43,45,46,68. Several of these compounds have been 
isolated and been shown to have various biological activities18,36,37,40. Given their associated 
activities and predominance within the plant, it was decided to focus isolation efforts on this 
class of compounds. Root material was selected as the source material, as previous studies have 
shown the roots contained the highest concentration of these compounds. The isolated 
compounds were tested in several bioassays. Selection of the assays was based on the major 
activities associated with the plant. 
 The isolation of biological active compounds from the roots of the plant will ultimately 
provide several standard compounds. These isolated, identified and characterized standard 
compounds will support further investigations into the plant’s use as a food and medicine and the 
overall evaluation of the chemometric and ethnobotanical approach for the discovery of active 
compounds in plant samples. 
Procedure 
 All chemicals and reagents were of ACS grade and supplied by Fisher Scientific 
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Figure 3.1 Map showing location (represented by the star) where P. americana plants were 
harvested for this study. Map data © Google Inc. 
(Pittsburgh, PA, USA) or Sigma-Aldrich (St. Louis, MO, USA) unless otherwise noted. Column 
chromatography was performed on reversed-phase C18 silica (Polar bond, J.T. Baker, Center 
Valley, PA, USA) and Supelco 10-g Reversed Phase LC-18 Packing columns. Thin Layer 
Chromatography (TLC) was performed on aluminum-backed silica gel (F254) plates and 
visualization of spots facilitated by spraying with 5% vanillin solution in concentrated H2SO4-
EtOH (5:95) followed by heating. 
Plant Material 
Dried root material was collected in October 2012 from P. americana plants growing at 
the University of Mississippi at coordinates Lat.: 34.36°, Long.: -89.55° (Figure 3.1). The 
location was along the edge of a slightly overgrown wooded area running parallel to Insight Park 
Avenue approximately 0.5 miles west of Hathorn Road. The wooded area was approximately 10 
feet north of the road. A tall chain-linked fence separated the road and wooded area. Identities of 
the plants were made by Dr. Aruna Weerasooriya and vouchers were deposited in the Herbarium 
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at the Medicinal Plant Garden at the University of Mississippi and the University of Mississippi 
Pullen Herbarium, accession number MISS 80550. 
Extraction and Isolation 
 The root material was washed, cut, dried in a drying cabinet at 88°F at 10% relative 
humidity and ground into a powder. Approximately 750 g of ground root material was extracted 
with methanol at 40°C over a two day period. The solvent was evaporated to yield 125 g of crude 
extract (A) which was loaded onto a C18 reversed phase silica gel column. The column was 
eluted with 6 L of water followed by 6 L of methanol. The methanol eluent was collected and 
concentrated in vacuo to yield 20 g of methanol extract (B). 
Eleven grams of the methanol extract (B) was fractionated using silica gel column 
chromatography with an ethyl actetate:chloroform:methanol:water solvent system at ratios of 
15:8:4:1, 10:6:4:1 and 6:4:4:1 to give 90 fractions (B1-90). 
 Fraction B9-11 were combined and subsequently separated on a 10-g reversed phase LC-
18 column, eluted with MeOH:H2O at ratios of 5:5 to 8:2 to yield 20 fractions (C1-20). 
Combining C7-11 yielded 8.1 mg of compound 1. 
 Fractions B14-17 were combined and subsequently separated on a 10-g reversed phase 
LC-18 column, eluted with MeOH:H2O at ratios of 5:5 to 8:2 to yield 25 fractions (D1-25). 
Combining D14-21 yielded 323.4 mg of compound 2. 
 Fractions B24-26 were combined and subsequently purified on a 10-g reversed phase LC-
18 column eluted with MeOH:H2O at a ratio of 6.5:3.5 to yield  28.7 mg of compound 3. 
 Fractions B42 and B43 were combined and subsequently separated on a 10-g reversed 
phase LC-18 column, eluted with MeOH:H2O at ratios of 6:4 to 7:3 to yield 20 fractions (E1-20). 
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Combining E10-17 yielded 90.4 mg of compound 4. 
 Fractions B51 and B52 afforded 34.2 mg of compound 5. 
 Fractions B55-60 were combined and subsequently separated on a 10-g reversed phase 
LC-18 column, eluted with MeOH:H2O at ratios of 6:4 to 7:3 to yield 40 fractions (F1-40). F34 
afforded 10.7 mg of compound 6. Combining F24-28 yielded 11.6 mg of compound 7. 
 Fractions B73 and B74 were combined and subjected to further column chromatography, 
eluted with MeOH:H2O at ratios of 5:5 to 6.5:3.5 to yield 90 fractions (G1-90). Combining G61-
66 yielded 160.2 mg of compound 8 and combining G77-83 yielded 25.8 mg of compound 9. 
 Fractions B75-83 were combined and subjected to further column chromatography, 
eluted with 500-mL of MeOH:H2O (5:5) followed by 500 mL of MeOH: H2O (5.5:4.5) to yield 
40 fractions (H1-40). Combining H32-37 yielded 25.9 mg of compound 10. 
Analytical Methods 
Structural elucidation for the isolated compounds was accomplished using NMR and 
HRESIMS data. Comparisons with available spectrometry and spectroscopy data in the literature 
were also used for confirmation. Data from the 1D (1H and 13C) and 2D (DFQ-COSY, HSQC 
and HMBC) NMR experiments were obtained using a Bruker AVANCE DRX400 spectrometer 
(Bruker Biospin, Billerica, MA, USA) equipped with Bruker Topspin software (v. 1.3). 
Chemical shift values, presented in δ (ppm), were referenced to the residual solvent signal of 
pyridine-d5 (Cambridge Isotope Laboratories, Andover, MD, USA). High-resolution mass 
spectrometry data were obtained using an LC-ESI-TOF with the Analyst QS software (Agilent 




Assays investigating cytotoxicity, activity against intracellular stress and activity against 
the targets involved in the inflammatory pathways and metabolic disorder were performed on 
isolated compounds 1-5 and 8-10. Limited amounts of compound 6 and 7 precluded their 
inclusion in the assays. 
Reporter Gene Assay for Activation of PPAR 
Compounds were assayed for activation of peroxisome proliferator-activated receptor 
(PPAR) activity using a previously described method69,70.  Human hepatoma (HepG2) cells 
(ATCC HB-8065) were cultured in DMEM supplemented with 10% FBS, 100 units/mL 
penicillin and 100 µg/mL streptomycin. Cells were transfected with PPAR (either pSG5-PPARα 
or pCMV-rPPARγ) and peroxisome proliferator response element-luciferase reporter, either 
PPRE X3-tk-luc or pPPREaP2-tk-luc, (25 µg/1.5 mL cell suspension) by electroporation at 160 
V for a single 70 msec. pulse using a BTX disposable cuvette with a Square electroporator T820 
(BTX, San Diego, CA, USA). Transfected cells were plated at a density of 5 x 104 cells/well in 
96-well tissue culture plates and grown for 24 hrs. The cells were then treated with isolated 
compounds 1-5 and 8-10 (12.5, 25 and 50 µM), ciprofibrate or rosiglitazone (25 µM). After 
incubation for 24 hrs., the cells were lysed and the luciferase activity was measured using a 
Luciferase assay system (Promega, Madison WI, USA). Fold induction of luciferase activity in 
treated cells was calculated in comparison to untreated control. Ciprofibrate and rosiglitazone 
were used as positive controls. 
Assay for iNOS activity 
Compounds were assayed for inhibition of inducible nitric oxide synthase (iNOS) activity 
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using a previously described assay71,72. The assay was performed in mouse macrophages 
(RAW264.7) cultured in phenol red free RPMI medium with 10% bovine calf serum and 100 µg 
/mL penicillin G sodium and 100 µg/mL streptomycin. Cells were seeded in 96-well plates 
(50,000 cells/well) and incubated for 24 hrs. for a confluency of ≥75%. Isolated compounds 1-5 
and 8-10, diluted in serum free medium, were added and after 30 minutes of incubation, LPS (5 
µg/mL) was added and cells further incubated for 24 hrs. The activity of inducible nitric oxide 
synthase was determined by measuring the level of nitrite in the cell culture supernatant by using 
the Griess reagent71. Percent inhibition of nitrite production by each isolated compound was 
calculated in comparison to vehicle control72. IC50 values were obtained from dose curves. 
Parthenolide was used as the positive control. 
Determination of Cytotoxicity 
Cytotoxicity of the isolated compounds toward RAW264.7 cells was determined using a 
Neutral Red assay71,72.  
Results and Discussion 
Isolated Compounds 
A total of 10 compounds were isolated in this study and they were identified to be 
triterpenoid saponins. The 13C NMR spectroscopy data for the isolated compounds are shown in 












Table 3.1 13C NMR spectroscopy data for the triterpenoid portion of compounds 1-10 in pyridine-d5. The 
13C NMR spectroscopy data for the sugar portions of the molecules are shown in Table 3.2.  
13C 
Position 
δC in ppm 
1 2 3 4 5 6 7 8 9 10 
1 39.1 44.5 44.3 39.0 44.5 54.7 44.5 39.1 39.0 44.5 
2 26.6 71.3 70.8 26.5 71.0 208.5 71.3 26.4 26.3 71.5 
3 82.6 83.2 83.2 82.3 83.0 84.0 83.2 82.4 82.6 83.2 
4 42.5 43.7 42.5 42.9 42.3 42.4 43.1 42.3 43.4 42.5 
5 48.7 48.6 48.8 47.9 47.7 47.3 48.9 48.3 47.8 48.0 
6 18.6 18.3 18.3 18.5 18.0 18.7 18.3 18.6 18.4 18.3 
7 33.3 33.3 33.3 34.9 33.0 32.7 33.2 33.1 33.1 33.2 
8 40.0 40.2 40.1 40.1 39.9 40.2 40.4 40.2 40.2 40.4 
9 48.0 47.8 47.9 48.5 48.6 47.9 48.0 48.5 48.4 48.9 
10 37.4 37.3 37.2 37.2 37.0 37.1 37.3 37.2 37.2 37.3 
11 24.4 24.3 24.2 24.1 23.9 23.9 24.3 23.8 23.8 24.3 
12 123.5 124.2 123.6 123.5 123.9 122.6 124.0 123.7 123.7 123.5 
13 146.4 144.8 144.8 144.8 144.6 145.0 144.1 144.1 144.0 144.1 
14 43.9 42.5 43.1 42.4 42.9 42.4 42.5 42.7 42.3 43.1 
15 29.1 28.8 28.6 28.8 28.4 28.6 28.6 28.6 26.3 28.6 
16 23.9 24.2 24.1 24.1 24.0 24.0 23.8 24.1 24.1 23.8 
17 47.0 46.5 46.4 46.5 46.3 46.5 46.8 46.8 46.8 46.8 
18 44.3 43.1  43.7 43.7 43.5 43.6 43.5 43.9 43.7 43.5 
19 43.9 43.0 43.0 42.4 42.8 42.9 42.7 44.5 42.7 42.7 
20 44.7 44.5 44.4 43.9 44.5 44.4 44.3 44.3 44.2 44.3 
21 31.7 31.1 31.1 31.1 30.9 31.0 30.8 30.8 30.8 30.9 
22 35.6 34.9 34.8 33.2 34.6 34.7 34.3 34.3 34.3 34.3 
23 64.8 65.5 65.0 64.8 65.2 63.8 65.5 65.0 64.9 65.5 
24 14.1 15.3 15.3 13.9 15.0 14.0 15.3 13.7 13.9 15.3 
25 16.5 17.6 17.5 16.4 17.3 16.8 17.6 16.5 16.4 17.6 
26 18.2 17.8 17.7 17.7 17.6 17.2 17.9 17.8 17.8 17.9 
27 26.6 26.3 26.5 26.5 26.3 26.2 26.4 26.4 26.3 26.2 
28 180.8 180.0 180.0 180.2 180.2 180.8 177.3 176.4 177.2 177.3 
29 29.1 28.6 28.7 28.8 28.5 28.6 28.6 26.4 28.6 28.7 
30 177.9 177.5 177.5 177.5 177.3 177.4 176.4 177.2 176.3 176.4 













Table 3.2 13C NMR spectroscopy data for the sugar portions of compounds 1-10 in pyridine-d5. The 13C 
NMR spectroscopy data for the triterpenoid portion of the molecules are shown in Table 3.1.  
13C Position 
δC in ppm 
1 2 3 4 5 6 7 8 9 10 
3-O-xyl           
1 107.01 107.01 - 106.7 106.4 105.8 106.9 106.2 106.5 106.7 
2 76.0 75.7 - 74.6 75.1 74.6 75.6 84.0 75.5 75.3 
3 78.9 79.0 - 76.8 78.2 75.8 79.1 78.3 76.7 76.7 
4 71.5 71.4 - 78.4 76.4 77.9 71.2 71.2 78.4 77.7 
5 67.5 64.5 - 65 64.7 64.6 67.4 67.0 64.7 65.0 
3-O-glc           
1 - - 106.0 - - - - - - - 
2 - - 75.7 - - - - - - - 
3 - - 78.8 - - - - - - - 
4 - - 71.8 - - - - - - - 
5 - - 78.5 - - - - - - - 
6 - - 62.9 - - - - - - - 
-xyl-(4→1)-glc           
1 - - - 104.0 103.5 103.5 - - 103.85 103.8 
2 - - - 75.6 74.3 74.4 - - 74.3 74.5 
3 - - - 79.2 79.0 78.1 - - 78.5 79.2 
4 - - - 72.0 71.7 71.6 - - 71.9 72.0 
5 - - - 78.5 77.5 78.7 - - 79.0 78.5 
6 - - - 63.0 62.7 62.5 - - 62.9 63.0 
-xyl-(2→1)-glc           
1 - - - - - - - 104.9 - - 
2 - - - - - - - 77.1 - - 
3 - - - - - - - 79.1 - - 
4 - - - - - - - 71.7 - - 
5 - - - - - - - 78.4 - - 
6 - - - - - - - 62.9 - - 
28-O-glc           
1 - - - - - - 96.0 96.0 96.0 96.1 
2 - - - - - - 74.4 74.4 74.5 74.4 
3 - - - - - - 79.6 79.6 79.5 79.7 
4 - - - - - - 71.2 71.1 71.1 71.2 
5 - - -  - - - 78.7 78.6 78.9 79.2 
6 - - - - - - 62.2 62.2 62.1 62.2 
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The 10 triterpenoid saponins isolated were determined to be the following: 
phytolaccoside A (1); phytolaccoside B (2); 3-O-[β-D-glucopyranoyloxy]-23-hydroxy-
(3β,4α,20β)-olean-12-ene-28,29-dioic acid 29-methyl ester (3); phytolaccoside D (4); 
phytolaccoside E (5); 3-O-β-[(β-D-glucopyranosyl-(1→4)-O-β-D-xylopyranosyl)]-23-hydroxy-2-
oxo, (3β,4α,20β)-olean-12-ene-28,29-dioic acid 29-methyl ester (6); esculentoside S (7); 
esculentoside L1 (8); esculentoside L (9); esculentoside H (10). The structures of compounds 1-5 
and 7-10 are shown in Figure 3.2. The structure of compound 6 is shown in Figure 3.3. 
 




Figure 3.3 Structure of compound #6. 
Compounds 1, 2, 4, 5 and 7-10 have previously been reported to be present in P. 
americana18,40,44. Compounds 3 and 6 are reported in this species for the first time. The 3-O-
glucopyranoside in compound 3, confirmed through 2D NMR correlations and observed 
coupling constants, and the carbonyl group at C-2 in compound 6, are not typically observed 
among the triterpenenoid saponins reported in P. americana. Compound 6 had been previously 
isolated from Phytolacca bogotensis Kunt. and compound 3 was previously discovered in 
Phytolacca acinosa Roxb.73,74. P. bogotensis and P. acinosa are species related to P. americana 
native to South America and Asia respectively73,74. 
  
Bioactivity of Compounds 
Selection of assays was based on the major activities associated with P. americana. As 
described in chapter 2, the plant has been traditionally used as blood purifiers, immune 
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stimulants, and analgesic agents as well as for the treatment of a variety of indications, the most 
prominent being inflammation and rheumatism. Given these actions, assays for targets related to 
inflammation and metabolic disorder were performed on the compounds, namely the inhibition 
of inducible Nitric Oxide Synthase (iNOS) and the activation of proliferator-activated receptors 
(PPARs).  
The generation of nitric oxide (NO) and reactive oxygen species (ROS) is associated with 
inflammation and the development of metabolic syndrome71,75,76. Studies have demonstrated 
iNOS is up-regulated in inflamed tissue and appears to be involved in the development of 
hypersensitivity to pain in inflammatory and neuropathic pain models75,76. Compounds that 
inhibit iNOS can reduce intracellular NO production and have been shown to exert beneficial 
anti-inflammatory effects in acute and chronic animal models of inflammation75,76.  
PPARs are a group of ligand-regulated transcription factors that act as key regulators in a 
wide range of biological processes70,77. Although primarily associated with glucose and lipid 
metabolism, PPARs are also involved in regulation of cellular proliferation/differentiation and in 
anti-inflammatory mechanisms77. PPARγ activation interferes with several signaling pathways 
regulating the expression of pro-inflammatory cytokines, chemokines and cell adhesion 
molecules thus limiting the recruitment of inflammatory cells77. Experimental inflammatory 
bowel disease models have shown both PPARα and PPARγ agonists reducing colonic 
inflammation77. PPARα activation has also been shown to reduce the activation of inflammatory 
microglia and macrophages in response to amyloid deposition77. 
As noted above, the plant’s toxicity is well documented, thus a general cytotoxicity assay 
was also performed to evaluate this.  As the iNOS inhibition assay used in this study utilized 
RAW264.7 cells, cytotoxicity of the compounds was evaluated against this cell line71,72. 
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Several of the compounds isolated in this study demonstrated activity in the assays. As 
presented in Table 3.3, compound 5 increased PPARγ induction activity and compounds 1, 3 
and 9 increased PPARα induction activity. Six of the ten compounds investigated in this study 
demonstrated iNOS inhibition and four of these compounds were associated with toxicity. 
Interestingly both compounds that did not demonstrate iNOS inhibition had an esterified β-D-
glucopyranose at C-28, suggesting that this feature may play a role in blocking the inhibitory 
activity. Compound 9, which also has an esterified β-D-glucopyranose at C-28, did however 
demonstrate some iNOS inhibition so this structural feature does not automatically entail loss of 
inhibitory activity in this class of compounds. 
Table 3.3 Results of iNOS inhibition, cell viability and PPAR activation by isolated compounds. For PPAR assays 
the results are expressed as the fold induction in the Activity of PPARα and PPARγ relative to the vehicle control 
using 50µM of sample. Results are expressed as the mean of duplicate experiments (~ = no difference from vehicle 
control, n/a = not applicable). Compound # corresponds to compound # listed in Figure 3.2. 
Isolated Compound 
and controls 
IC50 of iNOS 
inhibition(µM)  
% Inhibition in cell 
viability at 50 µM 
PPARα fold 
induction at 50 µM 
PPARγ fold 
induction at 50 µM 
1 44 42.3 1.7 ~ 
2 28 39.8 ~ ~ 
3 27 ~ 1.7 ~ 
4 50 27.7 ~ ~ 
5 34 ~ ~ 1.5 
8 41 27.0 ~ ~ 
9 ~ ~ 1.6 ~ 
10 ~ ~ ~ ~ 
Parthenolide 0.6 µg/mL n/a n/a n/a 
Doxorubicin (10 µg/mL) n/a 77.0 n/a n/a 
Cirpofibrate (10 µg/mL) n/a n/a 4.4 n/a 
Rosiglitazone 10( µg/mL) n/a n/a n/a 2.9 
 
Several oleanane type glycosides have been shown to be cytotoxic, however potencies 
vary78. Previous studies have attempted to determine the salient features associated with 
cytotoxic effects in this class of compounds78. There is evidence suggesting that the presence of a 
free carboxyl at the C-28 position contributes to cytotoxicity78. The type of sugars attached to the 
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C-3 position was also found to be important with regards to cytotoxicity78. A glucose as the first 
sugar attached to the sapogenin was found to be unfavourable for cytotoxic activity when 
compared to the presence of arabinose or xylose78. Interestingly, the nature of the linkage 
between the sugars is also of importance as (1→2) interglycosidic linkages were determined to 
be more potent than (1→4) interglycosidic linkages78. With respect to the number of sugars, 
existing reports present contradictory data as some studies have shown elongation of the sugar 
chain has a detrimental effect on cytotoxicity whereas others have shown the opposite result78. 
In general, the results from this study correspond to these findings. Out of the isolated 
compounds, five possessed a free carboxyl at the C-28 position and three of these compounds 
exhibited activity in the cytotoxicity assay. Compounds 3 and 5 were the two compounds with 
free carboxyl groups that did not show cytotoxic activity. Compound 3 had a glucose attached at 
the C-3 position which has been shown to be detrimental to cytotoxicity. The reason behind 
compound 5’s lack of demonstrated cytotoxicity is unclear although it may be possible the 
presence of the hydroxyl group attached at C-2 may play a role. Compound 8 was the only other 
compound to possess cytotoxicity in the assay performed. The only difference between the active 
compound 8 and the inactive compound 9 was the interglycosidic linkage with the former having 
a (1→2) linkage and the latter a (1→4) linkage. As noted above, previous studies with oleanane 
type saponins have shown higher activities associated with the (1→2) linkages. 
Overall the results from the bioassays provide evidence linking the compounds isolated in 
this study to biological effects that are associated with P. americana root material. The inhibitory 
activity against iNOS and activation of PPARα and PPARγ observed in these compounds could 
be partly responsible for the anti-inflammatory and immune enhancing properties traditionally 
attributed to P. americana preparations. Such properties could in turn explain the traditional use 
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of these preparations to treat conditions such as rheumatism, inflammation and tumours. Several 
of the compounds were also found to be cytotoxic, suggesting this class of compounds could also 
be contributing to the toxicity associated with P. americana preparations. 
Summary 
In summary 10 triterpenoid saponins were isolated from the roots of P. americana with 
two compounds being found in this species for the first time. Several of these compounds were 
shown to be biologically active in assays related to inflammation, metabolic disorder and 
cytotoxicity. These findings suggest that the triterpenoid saponins play a significant role in the 
observed and reported activity and toxicity associated with the plant. In view of the overall goal 
of this investigation, the isolation of these compounds provides sufficient amounts of several 
bioactive marker and standard compounds that can be used to support the subsequent analyses 





CHAPTER 4 CHEMOMETRIC PROFILING OF PLANT MATERIAL 
The diversity and variability exhibited in plant metabolites provides immense potential 
for the use of plants as food and medicine. Plant metabolite and biological profiles however, are 
not static. Environmental and seasonal effects can have significant impact on both biological and 
chemical profiles exhibited by a plant. How a plant is harvested, stored, handled and/or prepared 
can also have significant impacts on these profiles. Traditional knowledge can provide 
significant insights into the best practices associated with the harvesting and preparation of a 
particular plant for a particular purpose.  
This chapter will examine the chemical and biological variability associated with P. 
americana leaf and root material harvested and prepared in different ways, as well as link these 
findings with traditional practices associated with the plant. Through the interpretation of results 
from both analytical and biological assays performed on different Phytolacca americana 
samples, this chapter will provide a macroscopic view of the chemical and biological variability 
among the various P. americana samples. Results of the assays, coupled with multivariate 
statistical treatments, will allow for the observation of trends and properties associated with P. 
americana samples harvested and treated in different ways and provide insight into how these 




Sample Collections – Leaf Material 
For this part of the study P. americana leaves were harvested from two locations in 
Oxford Mississippi (Figure 4.1). The different locations ensured that two separate independent 
P. americana populations could be analyzed allowing for any inherent variation between 
populations growing at different sites to be observed and accounted for. 
Location 1 was the same location as was described in the previous chapter for root 
collection. Specifically, the location was at the University of Mississippi (Lat: 34.36º, Long: -
89.55º) along the edge of a wooded area about 10 feet north of Insight Park Ave. and 0.5 miles 
west of Hathorn Road. A tall fence was between the wooded area and the road. Location 2 was a 
small clearing located south of the University of Mississippi, 20 feet east of Old Taylor Road 
(Lat: 34. 36º, Long: -89.54º). The clearing was surrounded by trees and the plants were on its 
northern edge.  
 
Figure 4.1 Map showing the two harvest locations described in this study, A = Location 1 and B = 
location 2. Map data © Google Inc. 
To harvest the leaf material, whole leaves were cut from the stems of plants using 
pruning shears and placed into sealable transparent plastic bags. Only leaves without any obvious 
damage or visible discolouration were harvested. Leaves from five separate plants were 
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harvested and placed in separate bags for each harvest location and each harvest date. Samples 
were harvested at three time points (Figure 4.2) shows plants from two of these time points). 
The 1st samples were collected on May 3, 2013 from five different plants at each location. Plants 
were below 2 ft. in height and leaves less than 4 inches long. Stalks were green and there were 
no flowers or berries. These samples were classified as ‘Young’ samples and were representative 
of leaf samples all P. americana leaf consumers would consider acceptable for harvest. 
 
Figure 4.2 Representative P. americana plants harvested at two of the described time-points. “A” depicts 
a photo of a ‘Young’ plant seen on May 3, 2013 and “B” depicts a photo of an ‘Old’ plant seen on June 
25, 2013. Both photos were taken at Location 1 on the dates indicated. 
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The 2nd collection was performed at location 1 on June 3, 2013 from five separate plants. 
Plants were 5 – 6 ft. high and leaves were 4 to 6 inches long. Stalks were green and small white 
flowers were present. These samples were classified as ‘Medium’ and would be representative of 
samples that would not be acceptable to harvest by most traditional folk sources. Field research 
in North Mississippi, however, has confirmed some P. americana consumers will still use leaves 
such as these, provided the leaves are boiled in at least two changes of water prior to eating. 
The 3rd and final collection was performed on June 25th, 2013 from five plants at both 
location 1 and 2. The plants were above 6 ft. tall and had leaves longer than 6 inches. Stalks were 
purplish red and white flowers and some green berries were present. These samples were 
classified as ‘Old’ samples and were representative of leaves that all traditional folk sources have 
classified as not harvestable for consumption purposes. Identities of the plants at each location 
were made by Edward Croom, a botanist knowledgeable in the identity of the species, and 
vouchers were deposited at the University of Mississippi Pullen Herbarium, accession numbers 
MISS 80551 and MISS 80552, and the Herbarium at the Maynard W. Quimby Medicinal Plant 
Garden. Leaf material was transferred to a walk-in cooler at 4°C following harvest for temporary 
storage. 
Leaf Sample Preparation 
Leaf materials were prepared within 2 days of harvesting. For all samples, the leaf 
material was removed from the cooler and briefly rinsed with water. For comparison purposes it 
was necessary to obtain extracts of fresh leaves, cooked leaves and the cooking water. 
Approximately 10 g of leaf material was used from each plant. Individual leaves from each of 
the plants were cut in half along its midrib. The first half was classified as fresh material and the 
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other half designated as material to be cooked. 
The half leaves designated as fresh material were immediately extracted twice with 
methanol using the following procedure. Briefly, 5 g of leaf material was added to a beaker and 
100 mL of methanol was added. The beaker was subjected to ultra-sonication for 15 minutes and 
the methanol collected into a round bottom flask. Another 100 mL of methanol was added to the 
beaker containing the leaf material and the beaker was again subjected to ultra-sonication for 15 
minutes. The solvent was collected in the same round bottom flask and evaporated in vacuo 
using a rotary evaporator to produce the dried ‘Fresh’ leaf extract samples. 
For the cooked half a cooking procedure analogous to a conservative method for cooking 
P. americana leaves was used14,31,32. A beaker of water was brought to a rolling boil. The leaves 
were added to the beaker and left in the boiling water for 15 minutes. The water was drained and 
collected and fresh water was added to the beaker. The water was brought to a rolling boil and 
the drained leaves placed back in the beaker for an additional 15 minutes. The leaves were then 
strained and the water collected and combined with the previously collected water. The strained 
leaf material was then extracted twice with methanol as described in the procedure for fresh 
material above. The solvent was collected and evaporated in vacuo with a rotary evaporator to 
produce the dried ‘Cooked’ leaf extract samples. The collected water used for boiling was freeze 
dried to obtain the ‘Water’ samples.  
Sample Collections – Root Material 
From a therapeutic perspective the roots of P. americana are perhaps the most important 
part of the plant. Traditional sources state that roots used for medicinal purposes should be 
harvested in the winter, with the 1918 Dispensatory of the United States of America specifying 
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that roots should be dug up in November28. Harvesting of roots in other months is not 
recommended. 
To investigate the effect the harvest time has on chemical profile and biological activity 
of the root material, P. americana roots were harvested on three different dates. The first harvest 
occurred in October 2012, the second harvest in January 2013 and the third harvest in May 2013. 
For each harvest, roots from five separate plants were obtained. All roots were harvested from 
plants at location 1 where the leaf material was collected. During the first harvest two P. 
americana plants were obtained and their identities made by Dr. Aruna Weerasooriya. These 
plants were mounted and one plant was deposited in the Herbarium at the Maynard W. Quimby 
Medicinal Garden at the University of Mississippi and the second was deposited at the 
University of Mississippi Pullen Herbarium, accession number MISS 80550. 
Root Sample Preparation 
Following harvest the roots were made into tinctures using procedures analogous to those 
described in traditional sources23,28.  Individual tinctures were prepared from the roots of each 
plant harvested. As there were 5 plants harvested during each season, a total of 15 separate 
tinctures were prepared. The roots from each plant were rinsed with water to remove any soil and 
dirt and then roughly cut into approximately 1-inch-long slices (Figure 4.3). The cut material 
was dried in a cabinet dryer at 88.8ºF and 10% relative humidity over a period of 4 days. Once 
dried, approximately 60 g of each root sample was placed into separate glass flasks to which 200 
mL of 70% ethanol was added. The containers were sealed and allowed to sit for 5 weeks. After 
five weeks the liquid was filtered to produce the P. americana root tinctures. 
A methanol extract was also prepared from root material harvested in October 2012 from 
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remaining root material not used in the tincture production. Approximately 50 g of dried root 
material from the five plants harvested in October were pooled together and placed into a round 
bottom flask and extracted with 200 mL of methanol at 40°C for 1 hour. The extract was filtered 
through filter paper and the filtered liquid subsequently concentrated in vacua to produce a dry 
methanolic extract.   
 
Figure 4.3 Representative cut dried Phytolacca americana root material used to prepare the tinctures. 
Bioactivity Assays 
The leaf and root samples were subjected to the same bioassays, specifically iNOS 
inhibition, PPARα and PPARγ induction and cytotoxicity, that were performed on the isolated 
compounds in chapter 3. The dried samples obtained from leaf material were prepared and 
assayed as per the methods used to evaluate the isolated compounds in chapter 3. For the root 
tinctures, 150 mL of the liquid tincture was evaporated in-vacuo to produce a dried P. americana 
root extract. These dried extracts and the methanolic dried extract were then prepared and 
assayed as per the methods described in chapter 3. 
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Obtaining Chemical Profiles for Samples 
Chemical profiles for the samples were obtained using Ultra High Performance Liquid 
Chromatography Quadrupole Time-of-Flight Mass Spectrometry (UHPLC-qToF-MS/MS). For 
all ‘Fresh’, ‘Cooked’ and ‘Water’ leaf samples, 5 mg was accurately weighed into a test-tube and 
5 mL of a water:methanol (50:50 v/v) solution was added. The test-tube was mixed using a 
vortex mixer until all solid material had been dissolved. Approximately 1.5 mL of the liquid was 
then transferred into an HPLC vial for analysis. For root tincture samples, approximately 1.5 mL 
of each tincture was filtered through a 0.22-μm filter into an HPLC vial for analysis. 
Samples were analyzed on an Agilent Series 1290 system consisting of a binary pump, a 
vacuum solvent micro-degasser, an auto-sampler with 100-well tray and a thermostatically 
controlled column compartment (Agilent Technologies, Palo Alto, CA, USA). Separation was 
achieved on an Agilent Zorbax SB-C8 (2.1 x 100 mm, 1.8 µm) column. Mobile Phase A (MPA) 
consisted of water with 0.1 % formic acid and Mobile Phase B (MPB) consisted of acetonitrile 
with 0.1 % formic acid. The flow rate was 0.23 mL/min and the gradient elution program used is 
shown in Table 4.1. Each run was followed by a 4 min. wash with 100% MPB and an 
equilibration period of 4 min. with 80% MPA and 20% MPA. Injection volume was 2 µL and the 
column temperature was set at 35ºC. 
Table 4.1 UHPLC gradient program. MPA = 99.9% water and 0.1% formic acid; MPB = 99.9% 
Acetonitrile and 0.1% formic acid. 
Time (minutes) % MPA % MPB 
0.00 80 20 
7.00 60 40 
9.00 40 60 
15.00 10 90 




The mass spectrometric analysis was performed with a QTOF-MS/MS (Model #G6530A, 
Agilent Technologies, Palo Alto, CA, USA) equipped with an ESI source with Jet Stream 
technology using the following parameters: drying gas (N2) flow rate, 9.0 L/min; drying gas 
temperature, 300 °C; nebulizer, 35 psig, sheath gas temperature, 325 °C; sheath gas flow, 10 
L/min; capillary, 3500 V; skimmer, 65 V; Oct RF V, 750 V. 
All the operations, acquisition and analysis of data were accomplished through Agilent 
MassHunter Acquisition Software Ver. A.05.00 and processed with MassHunter Qualitative 
Analysis Software Ver. B.05.00. Samples were analyzed in positive mode in the range of m/z = 
100-1000. Accurate mass measurements were obtained by means of ion correction techniques 
using reference masses at m/z 121.0509 (protonated purine) and 922.0098 [protonated hexakis 
(1H, 1H, 3H-tetrafluoropropoxy) phosphazine or HP-921] in positive ion mode. The compounds 
were confirmed in each spectrum by accurate mass and error was less than 5ppm. For this 
purpose, the reference solution was introduced into the ESI source via a T-junction using an 
Agilent Series 1200 isocratic pump (Agilent Technologies, Santa Clara, CA, USA) using a 100:1 
splitter set at a flow rate of 20 µL/min. For recording ToF-MS spectrometric data, the quadrupole 
was set to pass all ions (Rf only mode) and all ions were transmitted into the pusher region of the 
time-of-flight analyzer where they were mass-analyzed with a 1 s integration time up to m/z 
1000. 
Classification of Samples 
Once the MS data was obtained and an initial list of entities produced for each sample, 
proper filtering and processing is required to ensure meaningful analysis and comparisons can be 
made. To facilitate this, each of the plant samples was classified into the appropriate class based 
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on plant part as well as their harvesting time, harvesting location and preparation method. For 
instance, all root material would be classified as ‘Root’ whereas all leaf material would be 
classified as ‘Leaf’. 
Due to the multiple variables present, any given sample could ultimately be classified 
into several different classes. For instance a leaf sample harvested in Location 1 during the first 
collection period that had been boiled would belong to up to eight different classes: ‘Leaf’, ‘Leaf 
from Location 1’, ‘Cooked Leaf’, ‘Cooked Leaf from Location 1’, ‘Young Leaf’, ‘Young Leaf 
from Location 1’, ‘Young Cooked Leaf’, ‘Young Cooked Leaf From Location 1’. Table 4.2 
provides a listing of the classifications possible related to the collection and preparation of 
material. Samples could also be classified based on their results in the bioassays that were 
performed. In these cases a binary classification system was employed whereby a sample would 
be either classified as ‘Active’ or ‘Not-active’ based on their response in the particular assay. 
Table 4.2 List of the variable classes related to the collection and preparation of the plant material. 































For each class of samples, the .CEF files obtained from the mass spectrometer analysis 
for all the samples were imported into Agilent Mass Profiler Professional (MPP) Software 
version 12.6.1 (Agilent Technologies, Palo Alto, CA, USA). The next step in the process was an 
initial check of the quality of the data. A Principal Component Analysis (PCA) was then 
performed to observe the initial clustering of the samples and detect the presence of any samples 
that could be considered outliers.  
Following these initial checks and the removal of any outlier samples, macro-scale 
comparisons between specific classes were performed. A given comparison between specific 
classes used the following general steps. The .CEF files for all samples in the selected classes 
were imported into the MPP software. Entity lists were then filtered to remove any entities that 
were not present in at least 2 samples of a given class. PCA analysis was then performed to 
check the quality of the data and observe initial clustering and groupings. Partial Least Squares-
Discriminate Analysis (PLS-DA) was then performed to obtain more refined groupings and 
differentiation between classes. Loadings plots from the PLS-DA analyses were compared and 
classification tables were checked to ensure that classes were correctly assigned and 
differentiated. This was followed by a general comparison of all samples and their entity profiles 
using a hierarchical cluster analysis. Through the cluster analyses it was possible to observe 
independent non-biased grouping of the samples and a macro view of the entities that differed 
among the samples. 
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Description of Analytical and Statistical Methods 
Analysis of Chemical Profiles 
For this study chemical profiles for each of the samples were obtained using UHPLC-
QToF LC/MS. The use of ultra-high pressure and tightly packed columns associated with this 
system allows for efficient separation of the chemical constituents in the samples. Additionally 
the high resolution mass spectrometry allows for obtaining accurate mass measurements for each 
of the components within complex matrices. From these analyses it was possible to obtain a list 
of entities, each with unique retention time and mass spectrometry data and abundance, for each 
of the samples prepared. 
There would be a large number of entities determined across all the samples processed. 
Each sample would have an individual and often unique profile generated. For the purposes of 
this study the focus is on profiles that are representative of the overall class of samples, e.g. all 
harvested young leaves or all harvested old leaves, rather than a profile associated with a specific 
sample. As such, filtering of the chemical profiles was used to eliminate entities that were only 
detected in one sample in a particular class, with the assumption being that such an entity would 
likely be an outlier and its inclusion would not be representative of the typical profile for the 
overall class the samples represented. The resulting list of entities for a given class would thus 
represent the general profile of all samples derived from that class. 
Statistical Analyses 
The biological assays provide a clear binary differentiation for each sample class. The 
results will either show the sample is active or inactive for a given biological assay. 
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Differentiation of the chemical profiles for each sample class, however, is more complex. The 
large number of compounds within each sample and their inherent variance precludes the use of 
a simple binary differentiation. To differentiate samples based on multi-dimensional data, such 
as chemical profiles, robust statistical methodologies are required. Each sample’s chemical 
profile can essentially be represented as a multi-dimensional data set in a large multi-
dimensional matrix with each entity represented by a unique retention time, mass ion ratio and 
mass abundance. Comparison of the samples can thus be accomplished through comparisons of 
each sample’s matrix. 
Three statistical methods were employed for these comparisons: Principal Component 
Analysis (PCA), Partial Least Squares – Discriminant Analysis (PLS-DA) and Hierarchal Cluster 
Analysis. Each of these methods allows for the visualization of groupings of samples based on 
the similarity of each sample’s multi-dimensional data set. 
Initial quality checks, outlier detection and unsupervised grouping of the data were 
accomplished through the use of PCA79. PCA is a dimension-reduction technique that can reduce 
a large set of variables into smaller and possibly more manageable data sets. The procedure 
transforms original variables into a set of linearly uncorrelated variables called Principal 
Components (PC) by using the singular value decomposition technique. Each PC is a linear 
combination of original data, and the number of PCs extracted from the original data matrix is 
less than or equal to that of the original variables. The transformation is performed in such a way 
as to ensure that the first PC explains the greatest amount of variance in the data, with each 
subsequent PC explaining less of the variance. Thus the first few principal components could 
typically account for nearly all of the variance within the matrix data. Thus, the majority of the 
information on the samples can be concentrated within several PCs. 
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Plotting of the PCs obtained from different samples provides a visual representation of 
the complex matrixes. These score plots can be used to observe patterns and trends among the 
samples and in some cases allow for direct visualization of clusters that can be representative of 
similar samples. In general, samples that cluster in a PCA score plot would be relatively similar. 
Due to its unsupervised nature, PCA can provide a general overview of similarities 
between different samples from a complex population. This provides an efficient means through 
which data quality and outlier detection could be accomplished. For instance, it is hypothesized 
that samples grouped into a particular class would likely cluster in a PCA score plot and in 
general, since all samples are derived from the same plant species, the samples should not be too 
widely distributed. Seeing score plots with samples well separated from apparent clusters would 
be indicative of the presence of possible outliers. 
Although having some similarities to PCA, PLS-DA enhances the separation between 
different sample classes by introducing a dependent class variable in its 79algorithm. As such, in 
contrast to PCA’s unsupervised methodology, PLS-DA is a supervised method that considers 
both independent and dependent variables. The dependent variable used in the PLS-DA method 
is the categorical variable that serves as a vector representing class membership for a particular 
sample. The algorithm rotates principal components in a way that will maximize the separation 
among the classes. Using the scores plots and prediction results obtained with this model it is 
possible to determine if the different classes of samples can be successfully differentiated from 
each other. Each of the samples prepared for this study can belong to multiple classes. 
Comparisons in this study using PLS-DA would use these classes as the dependent variable. 
Hierarchical Cluster Analysis can also provide an efficient visual representation of the 
comparison between samples. Using an agglomerative approach the hieracrchical cluster analysis 
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creates a binary tree that successively groups similarity groups of samples together80. The 
algorithm begins by first putting each individual sample into its own group. This is followed by 
finding the two closest groups and grouping them together. The groups are then re-examined 
and, again, the two closest groups are grouped together. This process is repeated until only one 
large group remains. A dendrogram, illustrating the merge points between each grouping can be 
used to display the clustering. Visualization of this graph provides a useful summary of the data 
as it will display groupings of samples based on the similarities of their chemical profiles. 
Visualization of results from the hierarchical cluster analysis can be further supplemented 
through the addition of a heat map representing the relative abundance of the entities within each 
of the samples. By representing the abundance data of each entity as points on a coloured scale, 
it is possible to create a heat map that would provide a general visual representation of the 
chemical profiles associated with each class of sample. 
Results and Discussion 
Biological Assays 
Results from the bioassays for the different samples are summarized in Table 4.3 below. 
The results clearly demonstrate differences in biological activity between the samples. This 
suggests that that harvesting and preparation variables do have effects on the activity of the 
sample.  
In general it appears that older leaf samples possess some iNOS inhibitory activity, 
although cooking of material appears to eliminate this activity. There was no clear trend for 
PPAR induction activity among the samples however. With regards to the results of the 
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cytotoxicity assay, samples of the older materials had demonstrated toxicity, whereas the 
samples of the younger samples did not. Furthermore, cooking of the ‘Old’ and ‘Medium’ leaf 
samples appeared to significantly reduce, and in some cases eliminate, the cytotoxicity 
associated with the sample. These results correlate with folk knowledge which states that P. 
americana leaves are safe to eat provided they are harvested when young and properly cooked. 
Table 4.3 Results of iNOS inhibition, cell viability and PPAR activation by root tinctures and leaf 
preparations. For PPAR assay the results are expressed as the fold induction in the activity of PPARα and 
PPARγ relative to the vehicle control using 50 µg/mL of sample. Results are expressed as the mean of 
duplicate experiments (~ = no difference from vehicle control, n/a = not applicable).  
Sample and Controls 
IC50 of iNOS 
inhibition(µg/
mL)  
% Inhibition in 
cell viability at 
100 µg/mL 
PPARα fold 
induction at 50 
µg/mL 
PPARγfold 
induction at 50 
µg/mL 
Root Methanolic Extract 38 88.2 1.47 1.87 
October Root Tincture ~ ~ ~ 1.65 
January Root Tincture ~ ~ ~ 1.50 
May Root Tincture ~ ~ ~ ~ 
Young Fresh Loc. 1 Leaf ~ ~ 1.38 ~ 
Young Fresh Loc. 2 Leaf ~ ~ ~ ~ 
Medium Fresh Loc. 1 Leaf ~ 4.1 2.06 1.56 
Old Fresh Loc. 1 Leaf 73 43.9 ~ ~ 
Old Fresh Loc. 2 Leaf 69 13.4 ~ ~ 
Young Cooked Loc. 1 Leaf 57 ~ 1.49 1.8 
Young Cooked Loc. 2 Leaf 57 ~ 1.49 1.8 
Medium Cooked Loc. 1 Leaf ~ ~ 1.94 ~ 
Old Cooked Loc. 1 Leaf 30 11.6 1.8 1.6 
Old Cooked Loc. 2 Leaf 24 ~ 1.8 ~ 
Young Loc. 1 Water ~ ~ ~ 1.6 
Young Loc. 2 Water ~ ~ ~ 1.7 
Medium Loc. 2 Water ~ ~ ~ 1.8 
Old Loc. 1 Water ~ ~ ~ 1.5 
Old Loc. 2 Water ~ ~ ~ 1.6 
Parthenolide 0.6 µg/mL n/a n/a n/a 
Doxorubicin (10 µg/mL) n/a 77.0 n/a n/a 
Cirpofibrate (10 µg/mL) n/a n/a 4.4 n/a 
Rosiglitazone (10 µg/mL) n/a n/a n/a 2.9 
 
For the root material, it was interesting to observe no cytotoxicity among any of the 
tincture materials. On the other hand, the methanolic extract was shown to be highly toxic. 
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Literature has emphasized the roots of the plants are highly toxic and cautions that only a small 
dose of tincture should ever be taken. The high toxicity observed in the methanolic extract, 
which was essentially prepared immediately after drying the material suggests the presence of 
toxic constituents in sufficiently potent quantities in the root material. It would appear, however, 
that processing of the root material into tinctures using aqueous ethanol over a 5 week period 
produces a product that is significantly less toxic. It would appear that toxicity is not the only 
activity seen in the methanolic extract that is absent from the tinctures. None of the tinctures 
exhibited iNOS inhibition or PPARα induction activities. It is suspected that the process used to 
prepare the tinctures changes the chemical profiles of the root extracts in such a way as to make 
them safer for use but may also reduce its therapeutic effectiveness. Limited quantities of 
material did not allow for further analysis of the chemical profiles associated with methanolic 
extracts of root materials preventing further investigation, however, these findings do point to a 
possible starting point for further investigations. 
The results did show that root tinctures prepared from roots collected in ‘October’ and 
‘January’ had demonstrated PPARγ induction activity whereas the extracts from roots collected 
in ‘May’ did not. There is thus some activity associated with the roots harvested in the winter 
months as opposed to the spring. As discussed in the previous chapters, traditional and folk 
knowledge for this plant state that roots used for medicinal purposes should be harvested in the 
winter, with the 1918 Dispensatory of the United States of America specifically stating the roots 
should be ‘dug up in late November’28. These results lend support for both the traditional 
medicinal use of the plant as well as the harvesting of the plant in the winter for the production 




Initial analysis of the leaf samples focussed on an unsupervised macroscopic view of the 
data. Data from every leaf sample were used to determine if any trends could be observed. The 
initial PCA score plot using the first two principle components for the leaf samples appeared to 
show clustering of several sample groupings (Figure 4.4). Plotting of PC1, accounting for 46% 
of the variance, against PC2, accounting for 9% of the variance, showed two generally defined 
clusters separated along PC1 on the x-axis. The cluster on the left side of the plot was clustered 
quite tightly, whereas the cluster on the right side of the plot was scattered along the y-axis.  
 
Figure 4.4 PCA score plot of first two principal components (PC1 accounting for 46% of the total 
variance on the x-axis and PC2 accounting for 9% of the total variance on the y-axis) derived from 
chemical profiles of all leaf samples prepared. Samples are colour coded based on their preparation 




Identification of each of the points on the plot revealed that the cluster on the left 
contained all the ‘Water’ samples. This finding suggested that preparation variable had the 
greatest influence on the chemical profiles of the samples. The cluster on the right side contained 
both the ‘Cooked’ and ‘Fresh’ samples. Identification also showed that the ‘Fresh’ samples were 
predominately found near the top of the y-axis and the ‘Cooked’ samples were scattered below 
these ‘fresh’ samples. Once labelled, it was clear that the scattering of the ‘Fresh’ samples was 
relatively tight and visually similar to the tight scattering observed for the cluster of ‘Water’ 
samples. Interestingly the spread of the ‘Cooked’ samples was much wider than the other classes, 
suggesting the ‘Cooked’ samples had greater variation in their chemical profiles. 
Delving further into the sample details showed that the ‘Cooked’ samples appearing 
above the 0 along the y-axis were ‘Old’ ‘Cooked’ samples. As these ‘Cooked’ samples were 
found closer to the fresh samples, this may be indicative of these ‘Old’ ‘Cooked’ samples having 
chemical profiles that are similar to ‘Fresh’ samples. 
As expected, clearer separation between the sample classes was observed when the data 
was re-interpreted using PLS-DA. Given the observation that the preparation variable had the 
greatest influence, the initial PLS-DA procedure used preparation as the categorical variable. 
Results from this analysis showed several distinct clusters and clear separation in the score plot 
(Figure 4.5). The water samples were well separated from all the other samples and the PLS-DA 
algorithm showed further demarcation between the ‘Cooked’ and ‘Fresh’ samples from each 
other. Whereas the ‘Water’ and ‘Fresh’ samples generally clustered together, there appeared to 
be at least two distinct clusters for the ‘Cooked’ samples, which became especially clear when a 
plot using the first three PLS components was used. The small cluster of ‘Cooked’ samples found 
below the y = 0 and z > 2 was found to consist of the samples from the ‘Old’ ‘Cooked’ plants. 
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This observation suggests that these ‘Old’ ‘Cooked’ samples have profiles that are quite different 
from the ‘Young’ and ‘Medium’ aged samples. 
 
Figure 4.5 PLS-DA score plot of the first three PLS components with preparation as the categorical 
variable. Samples are colour coded based on their preparation method. 
The dendrogram derived from the hierarchal clustering analysis for the leaf material also 
showed prominent groupings (Figure 4.6). Again it was clear that processing of the leaves had 
the greatest affect with regards to the derived chemical profiles. The two major groups, 
represented by the first major branch of the dendrogram, clearly separated a group containing 
‘Water’ samples from a second group containing the rest of the samples. Furthermore, the major 
separation in this latter group was between a group containing ‘Cooked’ samples and another 
group containing ‘Fresh’ samples. Within these major separations were several other groupings, 
although neither the age nor location of the plant appeared to predominate over the other in 




Figure 4.6 Dendrogram derived from Hierarchal Cluster Analysis of all collected leaf samples based on 
the chemical profiles obtained via the LC/MS method. Each column represents a sample. W denotes a 
‘Water’ sample, MG denotes ‘Location 1’, T denotes ‘Location 2’, Y denotes ‘Young’ leaves, O denotes 
‘Old’ leaves, F denotes ‘Fresh’ leaves, C denotes ‘Cooked’ leaves, numbers designate the replicate 
number. 
A general view of the chemical profiles can be observed from the heat map produced in 
conjunction with the Hierarchal Cluster Analysis (Figure 4.7). The heat map reveals some clear 
trends associated with the grouped profiles. As the analytical method utilized a reversed phase 
column and an aqueous gradient system, the elution order expected from this analysis would start 
with highly polar compounds followed by less polar compounds as the analysis proceeded. As 
such, entities seen in the top of the heat map would likely be polar entities, whereas the entities 
seen at the bottom of the heat map would be less polar entities.  
Several areas of contrast are immediately visible in the heat map. The dark red shown in 
the upper left portion of the HCA heat map is indicative of the high concentration of polar 
entities found in the ‘Water’ samples. The blue area in the top middle of portion of the heat map 
indicated that the ‘Cooked’ material, in contrast, had very low concentrations of these highly 
polar components. Although not present in ‘Cooked’ leaf materials, these highly polar entities do 
appear to be present in the ‘Fresh’ leaf materials, as demonstrated by the red and orange area in 




Figure 4.7 Heat Map derived from the Hierarchal Cluster Analysis of all collected leaf samples based on 
the chemical profiles obtained via the LC/MS method. Each row represents a component based on elution 
order from low to high. Each column represents a sample. W denotes a ‘Water’ sample, MG denotes 
‘Location 1’, T denotes ‘Location 2’, Y denotes ‘Young’ leaves, O denotes ‘Old’ leaves, F denotes 
‘Fresh’ leaves, C denotes ‘Cooked’ leaves, numbers designate the replicate number. 
The area of blue in the lower left portion of the heat map showed the ‘Water’ samples 
lacked the presence of low polarity entities which is expected given these samples should 
predominantly contain only water soluble entities. For the most part, these low polarity entities 
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appeared to be present in both the ‘Cooked’ and ‘Fresh’ samples although there were a few 
entities, indicated by the blue lines near the bottom of the heat map, that were absent in some of 
the ‘Cooked’ samples. It is a possibility that the heat and water treatment associated with cooking 
caused these entities, which are found in ‘Fresh’ samples to degrade. 
Interestingly the heat map also shows several entities with very low concentrations in 
both ‘Cooked’ and ‘Fresh’ leaf samples, as opposed to the ‘Water’ samples. This observation 
suggests that the cooking of the leaf material results in the formation of new entities that are not 
natively present in high quantities in the leaves themselves.  These entities created are also of 
sufficient polarity to be removed from the leaves with the cooking water.  
Although processing had the greatest influence on the grouping of the samples, the 
presence of other groupings in the HCA separations did indicate the other factors did have some 
effects. To explore these interactions more thoroughly, a series of analysis was performed with 
the processing variable eliminated to minimize the variable’s influence in the multivariate 
analyses. The first analysis used only samples of fresh leaf. Data from ‘Old’ and ‘Young’ fresh 
leaf samples obtained from ‘Location 1’ and ‘Location 2’ were thus analyzed using the described 
statistical methods. The PCA score plots did not reveal the presence of any clear outliers. These 





Figure 4.8 Representative PCA score plots of derived from chemical profiles of all ‘Fresh’ leaf samples 
prepared. The top plot shows PC2 on the x-axis and PC3 on the y-axis whereas the bottom plot shows 
PC2 on the x-axis and PC4 on the y-axis. There are no clear clusters visible in these plots. 
It was clear that PCA alone would be insufficient for comparisons of variable classes 
other than the preparation method. As such the supervised method PLS-DA was used. The first 
comparison used ‘Age’ as the categorical variable. To further assist in differentiation only 
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‘Young’ and ‘Old’ samples were examined and the ‘Medium’ samples were omitted. Looking at 
‘Fresh’ leaf samples, results did show differentiation between the ‘Young’ and ‘Old’ samples, 
although the groupings of the samples were not as tight as was observed with the preparation 
comparisons (Figure 4.9). Still, the plot of the first three PLS components do show a distinct 
demarcation between the ‘Old’ and ‘Young’ samples signally that there is a clear difference 
between samples belonging to these two groups. 
 
Figure 4.9 PLS-DA score plot of the first three PLS components for ‘Fresh’ leaf samples with plant 
‘Age’ as the categorical variable. Samples are colour coded based on the age of the sample. 
 Analysis of ‘Cooked’ leaf samples revealed a slightly different view. Again, it was 
possible to differentiate between ‘Young’ and ‘Old’ samples and this demarcation was very clear 
when viewing the first three PLS components, however, this time the ‘Old’ leaves appeared to 
form a much tighter cluster whereas the ‘Young’ samples appeared to be more widely distributed 
(Figure 4.10). This suggests that overall ‘Cooked’ ‘Old’ leaves have very similar profiles. 
Coupled with the observations from the heat map in Figure 4.7, this result suggests that the 
entities that vary among the ‘Old’ plant samples are likely more water soluble and/or heat labile 
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compounds. Thus, upon cooking, these compounds are no longer present and the remaining 
compounds that are found among the ‘Old’ samples are fairly uniform. 
 
Figure 4.10 PLS-DA score plot of the first three PLS components for all ‘Cooked’ leaf samples with 
plant ‘Age’ as the categorical variable. Samples are colour coded based on the age of the sample. 
The next variable investigated was the ‘Location’ of the plants. PLS-DA was applied to 
all ‘Fresh’ samples with the sample ‘Location’ as the categorical value. Although differentiation 
between the samples was achieved, there was a lack of clear clusters among the two sample 
groups and the separation was not very clear (Figure 4.11). This observation suggests that, 
although location does have an effect on the chemical profiles, its influence is not very strong 




Figure 4.11 PLS-DA score plot of the first three PLS components for all ‘Fresh’ leaf samples with plant 
harvest ‘Location’ as the categorical variable. Samples are colour coded based on the harvest location of 
the sample. 
The previous analyses confirmed that the various harvesting and preparation variables did 
have noticeable effects on the plants’ chemical profiles. The next series of analyses focused on 
determining if similar correlations could be made between the plant’s chemical profile and 
observed biological activity. Chemical and biological data obtained from all the leaf samples 
were used to perform these comparisons. Samples were classified categorically based on the 
biological assay results and then analyzed using PLS-DA. 
For the iNOS inhibition activity, separation was readily observed between the groups of 
‘Active’ and ‘Inactive’ samples (Figure 4.12). Interestingly the PLS-DA score plot showed the 
‘Inactive’ samples appearing in a very tight cluster whereas the ‘Active’ samples tended to be 
more scattered.  
Similar results were observed with samples classified based on PPAR activation activity 
with a relatively tight cluster containing ‘Inactive’ samples and more widespread distribution of 
‘Active’ samples (Figure 4.13). This observation may indicate that it is not just the presence of 
 
64 
one group of compounds that would provide a given sample a biological activity as it appears 
that the profiles of active samples are quite varied. In contrast the tight cluster of ‘Inactive’ 
samples suggest that these samples share very similar chemical profiles and may be indicative 
that each of these samples is completely devoid of any of the compounds that would allow for 
activity. Further detailed investigations into the individual chemical profiles would be required to 
test these proposals. 
 
Figure 4.12 PLS-DA score plot of the first PLS components for samples categorized based on iNOS 
inhibitory activity. Samples are colour coded based on whether they inhibited iNOS activity in mouse 





Figure 4.13 PLS-DA score plot of the first three PLS components for samples categorized based on 
PPARγ activation. Samples are colour coded based on whether they induced PPARγ activation (‘Active’) 
or did not (‘Inactive’). 
A different result was observed for samples categorized based on toxicity. In this case a 
score-plot of the first two PLS components showed separation between two more widely spread-
out clusters (Figure 4.14). One of the ‘Not-Toxic’ samples, however, appeared to be within the 
cluster of ‘Toxic’ samples. This was also reflected in the PLS-DA prediction table which showed 




Figure 4.14 PLS-DA score plot of the first two PLS components for samples categorized based on 
toxicity. The circled area represents the region where the misclassified ‘Fresh’ ‘Young’ sample from 
‘Location 1’ and the ‘Fresh’ ‘Medium’ samples from ‘Location 1’ were located. 
 
Table 4.4 Prediction table obtained from PLS-DA analysis for samples categorized based on toxicity. The 
misclassified sample was a ‘Fresh’ ‘Young’ sample from location 1 and is shown in the circled area in 
Figure 4.14 above. 
 
Upon further examination it was determined that the misclassified sample, along with the 
three other ‘Not Toxic’ samples with t0 values < 0, was one of the ‘Fresh’ ‘Young’ samples from 
‘Location 1’. Additionally the ‘Toxic’ samples around this misclassified sample, found within the 
region with t0 values between -5 and 0 were the ‘Fresh’ ‘Medium’ samples from ‘Location 1’. 
Although classified as ‘Toxic’ these particular samples had the lowest demonstrated decrease in 
cell viability in the assay and could be representative of borderline toxic samples (Table 4.3). 
Indeed, the general trend along the x-axis could be representative of a toxicity gradient with the 




As with the leaf material, an initial unsupervised analysis of all the root samples was 
performed. The initial PCA score plot showed the presence of a potential outlier among the data 
(Figure 4.15). This sample was one of the samples harvested during the ‘October’ and in the 3-D 
plot was isolated well away from all other samples. Subsequent analyses were thus performed 
with this sample excluded.  
 
 
Figure 4.15 PCA score plot of the first three principal components (PC1 on the x-axis, PC2 on the y-axis and PC3 on the z-axis) 
derived from chemical profiles of all root samples prepared. Samples are colour coded based on their month of harvest. The 
sample labeled [RF-1_30July2013] situated past 200 on the x-axis was a sample harvested in October and its location on the 




Removal of the outlier resulted in a more uniform score plot with a relatively more 
general distribution typical of PCA analysis (Figure 4.16). In general all three groups appeared 
to separate into distinct groups. The major exception being one of the ‘January’ samples 
appearing in a cluster of ‘October’ samples. It would appear for some reason the chemical 
changes that appear to occur during the months between the ‘October’ and ‘January’ harvest did 
not manifest in this one sample. 
 
Figure 4.16 PCA score plot of the first three principal components (PC1 on the x-axis, PC2 on the y-axis 
and PC3 on the z-axis) derived from chemical profiles of all root samples prepared. Samples are colour 
coded based on their month of harvest. 
Performing PLS-DA on these samples improved the separation between samples from 
each of the three harvest times (Figure 4.17). Although the ‘October’ and ‘May’ samples formed 
generally tight clusters, the ‘January’ samples still had the one sample separated away from the 
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overall group. With the benefit of the PLS-DA algorithm, however, this sample was no longer 
clustered within the ‘October’ samples. 
 
 
Figure 4.17 PLS-DA score plot of the first three PLS components. Samples are colour coded based on 
their month of harvesting. 
The score plots from both the PCA and PLS-DA showed good separation between the 
‘May’ samples from the rest of the samples along PC2 and the second PLS component 
respectively, both of which were represented by the y-axis (Figures 4.16 and 4.17). The bioassay 
results had already shown that both the ‘October’ and ‘January’ samples had demonstrated 
PPARγ induction activity whereas the ‘May’ samples did not. As such it appears that separation 
between ‘Active’ and ‘Non-active’ root samples, with regards to PPARγ induction, could already 
be observed along the second PLS component when harvest month was used as the categorical 
variable in the PLS-DA. 
To make the distinction clearer, PLS-DA was next performed with the samples re-
classified based on their ability to induce PPARγ activity. Again the single outlier identified 
through PCA above was removed prior to analysis. Results of this analysis did indeed show clear 
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separation between the two groups as seen along the x-axis on the graph of the PLS-DA score 
plot (Figure 4.18). 
 
Figure 4.18 PLS-DA score plot of the first three PLS components for root samples using PPARγ 
induction activity as the categorical variable. Samples are colour coded based on whether the sample was 
‘Active’ or ‘Non-active’ with regards to induction of PPARγ activity. 
In contrast to the leaf samples, there were no distinct clusters observed among the ‘Non-
active’ samples. The ‘Active’ samples, however, seemed to have formed two clusters both of 
which were subsequently shown to generally represent the month of harvest. Interestingly the 
separation of these two clusters was not along the same axis that separated the ‘Active’ and ‘Non-
active’ groups. Rather, separation of the two ‘Active’ clusters was mainly along the z-axis, 
whereas the separation between the ‘Active’ and ‘Non-active’ samples was mainly along the x-
axis. This observation suggests that the observed activity is not caused by the same compounds 
in both sample sets, since, unlike what was observed for the leaf samples categorized using 
cytotoxicity data, there is no gradient observed along the axis responsible for separation between 
‘Active’ and ‘Non-active’ compounds. This is similar to what was observed with the iNOS and 
PPAR data for the leaf material. Again, further detailed investigations into the individual 




The focus of this chapter was to obtain and examine the chemical profiles and biological 
activities associated with different P. americana samples. Results from biological assays 
presented in this chapter have established that there are differences in the activities associated 
with P. americana material harvested, and/or prepared in different ways. Furthermore these 
results support the traditional practices associated with the harvest and preparation of the plant 
materials to reduce toxicity and prepare therapeutic products. 
The results of the chemical analyses have established that differences can be observed in 
their chemical profiles. These differences can be detected and it is possible to differentiate and 
identify different samples using statistical methods. The next stage of the overall study would 
be the use of more in—depth experiments to investigate the possibility of detecting and 






CHAPTER 5 CHEMOMETRIC APPROACH FOR THE IDENTIFCATION OF 
BIOACTIVE COMPOUNDS 
 The phenotypic differences observed in the previous chapter confirm that harvesting 
variables and preparation do have effects on the chemical and biological profiles of both P. 
americana leaf and root samples. The results also showed that the chemical profiles could be 
used to differentiate between different sample classes. The macroscopic view revealed with these 
results provides support for the traditional use and practices associated with the plant’s use in 
food and medicine. It is readily apparent that the harvesting and preparation variables 
investigated previously affect both the chemical profiles and biological activities of the different 
samples. The final step of this overall study is to examine the links between biological activity 
and the chemical profiles themselves. These comparisons could lead to the discovery of active 
compounds within the plant. 
This chapter will focus on examining the relationship between the chemistry and 
biological activity of the various P. americana samples in an effort to discover biologically 
active compounds within the plant. Through the use of both univariate and multivariate statistical 
methodologies, comparisons and correlations between the available chemical and biological 
datasets can be accomplished. Results from these comparisons should lead to the discovery of 
compounds that are associated with the activity observed in the various samples. Using mass 
spectrometry data and marker compounds isolated and characterized previously, it may be 
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possible to identify these significant compounds and establish if they play a role in the activities 
observed in biologically active samples derived from P. americana material. The identification 
of any known compounds with demonstrated bioactivity through this overall methodology would 
provide significant evidence supporting the use of this procedure for the discovery of bioactive 
compounds in plant samples. 
Procedure 
Several triterpenoid saponins had been isolated from Phytolacca americana root material 
described in chapter 3 of this dissertation. These compounds, with the exception of compounds 6 
and 7, were subsequently analyzed using the same UHPLC-QToF LC/MS method used to obtain 
the chemical profiles of the various P. americana samples in the previous chapter. These 
compounds served as standards to support the identification of significant entities in this chapter. 
A summary of the data associated with these samples is provided in Table 5.1. 
Table 5.1 Properties of isolated compounds used as reference standards for this study. The isolation of 
these compounds was detailed in chapter 3 of this dissertation. # represents the number used in chapter 3 
that was used to designate the isolated compound. Additional information on the bioassays is also 
provided in chapter 3. Compound 6 and 7 are absent from this table as the amount of the compounds that 
were available was insufficient to perform the chemical and biological analyses. 
















1 Phytolaccoside A 9.52 44 42.3 1.72 ~ 




ene-28,29-dioic acid 29-methyl 
ester 
8.80 27 ~ 1.66 ~ 
4 Phytolaccoside D 8.89 50 27.7 ~ ~ 
5 Phytolaccoside E 8.47 34 ~ ~ 1.5 
8 Esculentoside L1 6.77 41 27.0 ~ ~ 
9 Esculentoside L 7.30 ~ ~ 1.62 ~ 





The chemical profiles and class information obtained in the previous chapter were used 
as the bases for the comparisons made in this chapter. Differences in the profiles among the 
classes selected were assessed using both univariate and multivariate analytical methods. The 
chemical profiles used in these statistical analyses were those generated for the samples as 
described in the ‘Obtaining Chemical Profiles of Samples’ section in the previous chapter. All 
statistical tests except for the Significance Analysis of Microarrays were performed using the 
Agilent MPP software described in the previous chapter. The Significance Analysis of 
Microarrays analyses were performed using the “samr” package version 4.0 (Tusher, Tibshirani 
and Chu) in R version 3.2.1 (The R Foundation for Statistical Computing)81,82. 
Assignment of a sample into a given class was accomplished as describe in the previous 
chapter in the “Classification of Samples” section. Briefly, each sample was classified based on 
its plant part, harvest location, time of harvest, preparation method and result in each biological 
assay performed on it. To simplify the comparisons only two classes were compared at a time. 
For instance, rather than comparing ‘Young’, ‘Medium’ and ‘Old’ leaf material, only ‘Young’ and 
‘Old’ leaf materials were compared. A binary classification system was employed for the 
biological activity comparisons whereby a sample would be either classified as ‘Active’ or ‘In-
active’ based on their response in the assay.  
For the univariate analysis each entity in each class being compared was subjected to a 
non-parametric Mann-Whitney U test. To compare for false positives a modified p-value derived 
using the Benjamini Hochberg False Discovery Rate was employed. Entities with adjusted p-
values <0.05 were considered significant. A second univariate analysis was also performed using 
the Significance Analysis of Microarrays methodology through software developed by Tusher, 
Tibshirani and Chu. Using the Significance Analysis of Microarrays 4.0 software, class 
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comparisons were performed on “array” data using the “Two class unpaired” response type with 
the “Standard” analysis type and “T-statistic” as the test statistic. The number of permutations 
was set at 100 and the number of neighbors set at 10. The Δ value for each analysis was adjusted 
to the value in the delta table that gave the largest number of significant entities while 
maintaining a False Discovery Rate of 0. The selection of this Δ value ensured that no false 
positives would be detected at the expense of missing some false negatives. 
For the multivariate comparisons, results from the Partial Least Squares-Discriminant 
Analyses performed in the previous chapter were used and extended. The variable contribution, 
p(cov), and variable confidence, p(cor), values for each entity in the analysis were determined 
and plotted against each other. Entities appearing at the upper right and lower left corners of 
these plots were selected as significant. 
Entities determined to be significant by all three of the statistical procedures were 
selected and considered high priority targets. Attempts to determine the identities of these highly 
priority targets was accomplished by comparing their mass spectrometry profiles and retention 
times to the isolated standard compounds as well as databases listing metabolites known to be 
present in the plant. 
Description of Statistical Methods 
A general macroscopic view of the differences in chemical profiles for different sample 
classes was obtained in the previous chapter. To obtain a more detailed listing of entities that 
vary between classes comparisons, both univariate and multivariate analytical approaches were 
performed. Comparison of profiles was accomplished through the Mann-Whitney U test, 
Significance of Microarrays Analysis and Partial Least Squares-Discriminant Analysis.  Those 
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entities that are identified as significant by all three methodologies would be considered highly 
significant and there would be a high degree of confidence that the selected entities were highly 
correlated to the variables being investigated in the specific comparisons.  
 In essence, the comparisons being made can be described as determining if a level of a 
given entity is found to be significantly higher or lower in one class of samples as opposed to the 
other classes. For this study, the level of each entity in a sample was determined by using the 
peak area response for the entity obtained in the UHPLC-TOF analysis. Using the peak response 
values, the mean level of a particular entity in one class of samples can then be compared to the 
mean level of that entity in another class of samples. Those entities identified as significantly 
different between particular classes would then be flagged as entities of interest and can be 
correlated to any phenotypic differences associated with the sample classes being compared. 
The first statistical approach to make these comparisons used in this study was the non-
parametric Mann-Whitney U test. Also known as the Wilcoxin rank-sum test, this commonly 
used univariate statistical test utilizes ranks to test whether two populations are the same or 
different. As the test is non-parametric, underlying assumptions for normality and equal-interval 
scaling can be ignored. The Mann-Whitney U test is typically more efficient and robust than a 
typical t-test. For the purposes of this study, the populations being compared would be the levels 
of a given entity in samples belonging to one class compared to the levels of that entity in 
samples belonging to another class. 
Even though each comparison of an entity can be thought of as a single statistical test, 
due to the large number of entities being compared, the overall experiment becomes akin to a 
multiple comparison situation. As such, methods to control for the error rates are required. For 
these analyses the Benjamini-Hochberg False Discovery Rate procedure was employed83. This 
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method limits false positives arising from multiple comparisons by controlling the False 
Discovery Rate (FDR) which has been shown to usually be more powerful than methods that 
seek to control the family-wise error rate. For this study the false discovery rate for the Mann-
Whitney U tests was set at 5%. 
A second univariate analytical procedure, the Significance of Microarrays procedure, was 
also used to compare entity levels in the different classes. Originally developed for the analysis 
of gene-expression microarray data, the procedure is ideally suited for the comparison of large 
data sets. The significance of microarrays procedure carries out individual t-tests for each entity 
and assigns d scores for each entity based on its change in level relative to the standard deviation 
of repeated measurements among all the comparisons. 
Again, given the large number of comparisons being performed, a method to control false 
discoveries needs to be employed. The significance of microarray procedure utilizes an 
algorithm to control the FDR. Users of the procedure can manually select a desired FDR by 
adjusting a tuning parameter Δ, which represents the cutoff between significant and non-
significant entities. The ability to set the FDR in this procedure allows for significant flexibility 
in experimental studies. Increasing the FDR would increase the number of potential entities of 
interest with the cost being an increase in the percentage of these entities being false positives. 
For the purposes of this study an FDR of 0 was selected for each comparison, thus minimizing 
the number of false positives detected but at the expense of including some false negatives. 
The univariate procedures described above provide for multiple independent comparisons 
of each entity obtained from the profiles. These methods, however, do not consider the influence 
of any relationships between entities that may exist. Multivariate procedures, however, can take 
into account relationships between variables and thus may be better suited for the analysis of 
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complex matrixes such as the chemical profiles available in this study. 
The PLS-DA method attempts to model the covariance structure of the different matrixes 
examined. Using the scores plots and prediction results obtained with this model it is possible to 
determine if the different classes can be successfully differentiated from each other. Furthermore 
the influence of each entity upon the model can be measured and those entities with the greatest 
influence can be flagged and considered significant. The variable contribution p(cov) and 
variable confidence p(cor) values for each entity can be determined and plotted against each 
other to create an S plot. Visual inspection of this plot allows for an effective means to identify 
entities of interest as entities with high reliability and magnitude will appear in the upper right 
and lower left corners of the plot (Figure 5.1). Entities with high absolute p(cor) values and high 
absolute p(cov) values are considered significant. Although high absolute values for p(cor) or 
p(cov) are indicative of an entity’s significance, there are no distinct values that are necessarily 
defined as cut-offs for significance. The determination of what constitutes a high, and thus 
significant, p(cor) and/or p(cov) value would be dependent on the results of the individual PLS-
DA. For the purposes of this study it was decided a conservative selection of significant entities 
was performed by visually selecting those entities that fell outside the large cluster of entities 




Figure 5.1 Representative S-plot of p(cor) versus p(cov). This plot was generated from data obtained 
from a PLS-DA performed on P. americana leaf samples classified according to their activity in a cell 
viability assay. The entities within the blue ellipses were considered significant due to their position away 
from the main cluster of entities near the centre of the plot. 
Each of the statistical methods on their own would provide a list of entities considered 
significant. Those entities that were identified by every one of the methods could then be pooled 
into a single list of entities of significance. There would be a high level of confidence that those 
entities independently identified by all of the methods would have significant influence on the 
differences in the chemical profiles between the samples in the classes. Additional confidence is 
obtained due to the use of relatively strict significance levels for each of the statistical tests. 
Relaxation of the significance levels in the various statistical tests utilized would increase the 




Discussion and Results 
Leaf Comparisons 
As shown in the PLS-DA results from the 
previous chapter, both age and location affect the 
chemical profiles in the samples analyzed. The 
statistical methods performed in this chapter identified 
21 entities that were significantly different due to leaf 
age, with 18 of these entities being significantly higher 
in the older plants harvested in late June as compared to 
the younger plants (Table 5.2).  This suggests that 
changes in the level of several metabolites in leaf 
material can vary significantly over a relatively small 
timeframe. 
There were 11 entities that were significantly 
different due to location of harvest with 4 of the entities 
found to be significantly higher in plants harvested in 
‘Location 1’ versus plants harvested in ‘Location 2’ 
(Table 5.3). Only 2 entities were found to be 
significantly different in both comparisons the location and the age comparisons indicating that 
these class variables do not affect the chemistry of the leaf material in the same ways (Figure 
5.2). 
 
Figure 5.2 Venn diagram 
summarizing individual comparisons, 
‘Age’ = ‘Young’ vs. ‘Old’; ‘Location’ 
= ‘Location 1’ vs. ‘Location 2’; 
‘Processing’ = ‘Fresh’ vs. ‘Cooked’. 
Each circle represents the number of 
entities determined significant for that 
particular comparison by all three 
statistical tests described. The 
overlapping areas represent the 
number of entities determined 
significant in both of the comparisons 
represented by the individual 
overlapping circles. Overall there was 
little commonality in the number of 
compounds identified as significant 
among the comparisons. 
 
81 
Table 5.2 Entities identified as significantly different between ‘Young’ and ‘Old’ leaf samples by all three 







in 'Old' vs. 
'Young' 










LA1a 1.22 Higher Unknown 7.9E-03 -3.1 19.2 0.6 
LA2 2.62 Lower Unknown 3.4E-02 3.0 -21.3 -0.7 
LA3b 3.31 Higher Hydroxycinnamic acid 8.2E-03 -2.8 15.2 0.6 
LA4 3.32 Higher Unknown 3.4E-03 -2.4 16.4 0.6 
LA5b 7.16 Higher Triterpenoid Saponin 1.0E-02 -6.7 43.4 0.9 
LA6 7.83 Higher Triterpenoid Saponin 1.1E-02 -2.5 12.8 0.5 
LA7 9.00 Higher Betalain 2.5E-03 -3.1 13.2 0.6 
LA8 9.58 Higher Unknown 6.7E-04 -4.5 14.3 0.7 
LA9 9.98 Higher Unknown 5.1E-03 -6.1 22.4 0.7 
LA10 10.06 Higher Unknown 8.2E-03 -2.3 37.3 0.8 
LA11a 10.38 Higher Unknown 1.2E-03 -6.0 24.1 0.8 
LA12 11.16 Higher Unknown 6.7E-04 -2.3 38.4 0.8 
LA13 11.25 Higher Unknown 1.5E-02 -2.3 14.8 0.6 
LA14 12.96 Higher Unknown 1.5E-02 -8.6 42.2 0.9 
LA15 13.03 Higher Unknown 5.4E-05 -5.9 42.2 0.9 
LA16 13.83 Higher Unknown 4.4E-04 -2.4 40.1 0.8 
LA17b 14.87 Higher Triterpenoid Saponin 1.6E-02 -6.7 27.8 0.8 
LA18 15.33 Higher Unknown 1.4E-04 -3.6 16.8 0.6 
LA19 16.00 Lower Unknown 1.9E-02 3.0 -20.5 -0.7 
LA20 16.92 Higher Triterpenoid Saponin 2.3E-02 -2.3 15.7 0.6 
LA21 18.08 Lower Unknown 7.4E-05 3.1 -20.4 -0.7 
aEntities LA1 and LA11 were also identified as being significant in the harvest location comparison. 
bEntities LA3, LA5 and LA17 were also identified as being significant in the processing comparison. 
Similar correlations are evident for the profiles of the ‘Fresh’ and ‘Cooked’ materials; 
namely differences in the profiles are observed, yet, the identified entities have little overlap 
among those entities identified in the ‘Age’ and ‘Location’ comparisons (Table 5.4). In this case 
29 entities, 26 of which were determined to be at significantly higher levels in the ‘Fresh’ 
samples as opposed to the ‘Cooked’ samples, were identified as significantly different due to 
processing but only 3 of these entities were shared with the ‘Age’ comparison and 2 of them 
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were shared with the ‘Location’ comparison. There was no entity identified in all three of the 
class comparisons (Figure 5.2). As such each of the three class variables, ‘Age’, ‘Location’ and 
‘Preparation’, affects the chemical profiles differently. 
Table 5.3 Entities identified as significantly different between leaf samples harvested from ‘Location 1’ 



















LL1a 1.22 Higher Unknown 3.4E-04 -3.8 22.2 0.6 
LL2 1.99 Lower Unknown 5.0E-02 2.4 -18.3 -0.7 
LL3 9.09 Higher Unknown 1.1E-04 -3.7 20.5 0.7 
LL4 10.00 Lower Unknown 7.5E-03 2.7 -22.4 -0.7 
LL5a 10.38 Lower Unknown 8.4E-06 -3.7 -24.1 -0.7 
LL6 11.12 Lower Unknown 2.8E-04 3.2 -32.0 -1.0 
LL7 11.50 Lower Unknown 2.7E-03 3.2 -32.0 -1.0 
LL8c 12.66 Higher Unknown 5.0E-04 -3.7 20.7 0.7 
LL9 12.98 Lower Unknown 1.2E-04 4.8 -32.1 -1.0 
LL10 13.01 Lower Unknown 1.6E-04 2.2 -27.8 -0.8 
LL11c 18.07 Higher Unknown 3.7E-03 -3.8 20.4 0.8 
aEntities LL1 and LL5 were also identified as being significant in the age comparison. 
bEntities LL8 and LL11 were also identified as being significant in the processing comparison. 
Traditional use does not stress any particular importance on harvest location with regard 
to the biological attributes of the plant, yet, as evidenced by the experimental data, this factor 
does have an effect on the chemical profile. Additionally, results from the bioassays also suggest 
that the location of harvest does not have a significant influence in terms of biological activity. 
The difference in levels of these entities associated with the ‘Location’ class variable could be 
simply due to natural variance and, given this variable’s unimportance with regards to the plant’s 






Table 5.4 Entities identified as significantly different between ‘Fresh’ and ‘Cooked’ leaf samples by all 



















LP1 1.99 Higher Unknown 6.7E-23 -21.6 19.2 1.0 
LP2 2.00 Higher Unknown 9.6E-23 -15.7 19.0 1.0 
LP3b 3.31 Higher Hydroxycinnamic acid 4.0E-31 -104.0 31.1 0.9 
LP4 4.66 Higher Flavonoid 6.6E-23 -8.6 24.5 0.8 
LP5 4.89 Higher Flavonoid 8.3E-24 -12.8 22.1 0.8 
LP6 5.02 Higher Flavonoid 4.7E-23 -8.4 18.2 0.6 
LP7 5.16 Higher Flavonoid 7.6E-07 -8.9 31.8 0.9 
LP8 5.63 Higher Unknown 6.2E-22 -8.2 30.9 0.9 
LP9 6.15 Higher Triterpenoid Saponin 2.8E-05 -4.0 30.8 0.9 
LP10b 7.16 Higher Triterpenoid Saponin 1.9E-07 -5.7 30.6 0.9 
LP11 7.85 Higher Triterpenoid Saponin 2.8E-03 -5.5 30.5 0.8 
LP12 10.59 Lower Unknown 9.7E-03 5.7 -42.1 -0.9 
LP13 10.73 Lower Unknown 3.8E-05 6.8 -42.8 -0.9 
LP14 10.83 Lower Unknown 9.3E-03 5.7 -25.6 -0.1 
LP15 10.92 Higher Unknown 1.9E-11 -4.1 30.2 0.9 
LP16 11.33 Higher Unknown 9.0E-07 -4.0 31.6 0.9 
LP17 12.65 Higher Unknown 2.1E-02 -4.1 31.3 0.9 
LP18c 12.66 Higher Unknown 2.7E-02 -4.0 21.7 0.7 
LP19 12.76 Higher Unknown 4.2E-10 -7.4 30.4 0.9 
LP20 14.01 Higher Unknown 2.3E-05 -5.6 30.6 0.9 
LP21 14.83 Higher Triterpenoid Saponin 3.4E-03 -4.2 31.9 0.9 
LP22 14.84 Higher Triterpenoid Saponin 3.7E-03 -4.0 31.4 0.9 
LP23b 14.87 Higher Triterpenoid Saponin 1.7E-10 -5.5 19.3 1.0 
LP24 15.82 Higher Triterpenoid Saponin 4.6E-03 -4.0 31.5 0.9 
LP25 15.88 Higher Triterpenoid Saponin 5.3E-10 -8.5 30.5 0.8 
LP26 16.91 Higher Triterpenoid Saponin 2.6E-02 -4.7 36.4 0.8 
LP27 16.94 Higher Triterpenoid Saponin 2.7E-11 -4.8 39.0 0.8 
LP28 17.45 Higher Unknown 6.3E-03 -4.0 30.5 0.9 
LP29c 18.07 Higher Unknown 2.8E-11 -8.5 45.1 1.0 
aEntities LP3, LP10 and LP23 were also identified as being significant in the age comparison. 




Knowing the entities that vary with this seemingly unimportant (at least with respect to 
biological activity) factor can be useful, as it allows for the accounting of the variable 
components that do not have a direct effect on the factor of interest.  In theory, those entities that 
were identified in a seemingly unimportant class variable, in this case the location of harvest, 
could be considered less likely to be associated with other class variables, such as biological 
activity of the plant, even if it was subsequently identified in comparisons performed on those 
class variables  
In some cases mass spectrometry data for the entities could be used to provide some clues 
to the identity of the entities found to be significant in the various comparisons. Although there 
was insufficient data to conclusively identify any compounds determined significant, it was 
possible to propose the general chemical class of several entities based on the presence of 
significant ions present in their mass spectrums. 
For the ‘Processing’ comparison, entities that were significantly higher in ‘Fresh’ 
samples versus ‘Cooked’ samples included 1 entity tentatively identified as chlorogenic acid, 
which was identified through prominent peaks at 163 m/z and 355 m/z, 4 entities tentatively 
identified as flavonoids, including derivatives of quercetin, identified through a prominent peak 
at 303 m/z, and kaempferol, identified through a prominent peak at 287 m/z, and 10 entities 
tentatively identified as triterpenoid saponins, identified through prominent peaks at 497 m/z and 
515 m/z or 481 m/z and 499 m/z (Figures 5.2 – 5.4). There was insufficient data to identify the 




Figure 5.3 Mass spectrum of entity LA3 found to be significantly higher in ‘Fresh’ versus ‘Cooked’ 
samples. Based on the spectrum this entity was tentatively identified as the hydroxycinnamic acid, 
chlorogenic acid due to the prominent peaks at 355 m/z and 163 m/z. This entity was also identified as 
being significantly higher in ‘Young’ samples than in ‘Old’ samples. 
 
Figure 5.4 Mass spectrum of entities LP4 (top) and LP6 (bottom) found to be significantly higher in 
‘Fresh’ samples versus ‘Cooked’ samples. The 303 m/z ion in the top spectrum is indicative of a 
quercetrin derivative and the 287 m/z ion in the bottom spectrum is indicative of a kaempferol derivative. 
Several other entities identified as significantly higher in the ‘Fresh’ materials had mass spectrum with 
similar characteristics as the two spectrums shown above and were thus tentatively identified as 
flavonoids. 
The higher levels of these classes of compounds in the ‘Fresh’ material versus the 
‘Cooked’ material are unsurprising, as it can be assumed the boiling water would likely remove 
these classes of compounds from the leaf material during the cooking procedure. This 
assumption was further supported through a comparison between ‘Cooked’ and ‘Water’ samples. 
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levels of entities with mass spectrums that appeared to be derived from flavonoids and 
triterpenoid saponins in the ‘Water’ samples versus the ‘Cooked’ samples.
 
Figure 5.5 Mass spectrum of entities LP10 (top) and LP11 (bottom) which were found to be significantly 
higher in ‘Fresh’ samples versus ‘Cooked’ samples. The prominent 497 m/z and 515 m/z ions in the top 
spectrum and the prominent 481 m/z and 499 m/z ions in the bottom spectrum are indicative of an 
oleanane-type triterpenoid saponin. Several other entities identified as being significantly higher in 
‘Fresh’ material had mass spectrums showing the presence of these ions and were thus tentatively 
identified as triterpenoid saponins. 
 
A significant proportion of triterpenoid saponins were also identified as being significant 
in the ‘Age’ class comparison. There were 4 entities identified as significantly higher in ‘Old’ 
samples as compared to ‘Young’ samples that had mass spectrums that appeared to be derived 
from triterpenoid saponins. The only other entities that could be tentatively identified among the 
significant entities was 1 entity that had a mass spectrum corresponding to chlorogenic acid and 
1 other entity appearing to be a betanidin derivative, identified through the presence of 
prominent peaks at 389 m/z and 345 m/z (Figure 5.5). 
Of the 3 entities that were identified in both the ‘Age’ and ‘Processing’ comparisons, 2 
had mass spectrums that appeared to be derived from triterpenoid saponins. The other entity was 
tentatively identified as chlorogenic acid. The 2 entities determined significant in both the ‘Age’ 
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‘Location’ comparisons could not be identified through the mass spectrometry data available. 
 
Figure 5.6 Mass spectrum of entity LA7 found to be significantly higher in ‘Old’ versus ‘Young’ 
samples. Based on the spectrum this entity was tentatively identified as a betalain derivative due to the 
prominent peaks at 389 m/z and 345 m/z. 
 In general, it appears that the triterpenoid saponins have significant influence in the 
differences observed in chemical profiles in both the ‘Age’ and ‘Processing’ comparisons. 
Overall, the level of the saponins in the leaf appears to increase as the plant ages over the spring 
and summer seasons. Furthermore, sample processing, i.e. cooking, results in a reduction of this 
class of compounds. 
Traditional and folk knowledge regarding the relationship between toxicity and plant age 
and preparation method, allows for the extension of the conclusions made from the correlations 
between the chemical profiles and ‘Age’ or ‘Preparation’ variables towards toxicity as well. As 
such, it can be concluded that the triterpenoid saponins play a role in the apparent toxicity of the 
plant. These findings are in-line with traditional knowledge in regards to the toxic properties of 
the plant material. According to traditional knowledge, harvesting of young leaf material and 
thorough cooking of the material will allow for safe ingestion of the leaves. Several sources have 
also stated that the P. americana triterpenoid saponins do contribute to the toxicity of the plant. 
 The availability of bioactivity data allows for a more direct comparison between toxicity 
and the chemical profiles. Using the bioassay data obtained from the previous chapter, it is 
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assay and perform the statistical comparisons between ‘Active’ and ‘Non-active’ samples. 
Overall, there were 7 entities determined to be significantly different between ‘Active’ and ‘Non-
active’ samples by all the statistical tests (Table 5.5). Only 6 of the entities identified were 
significantly higher in the ‘Active’ samples as opposed to the ‘Non-active’ samples (Table 5.4). 
It is expected that activity of a sample would be dependent on the presence of active compounds 
and thus entities that were determined to be higher in ‘Active’ samples would most likely be 
active compounds. 
Table 5.5 Entities identified as significantly different between ‘Active’ and ‘Non-active’ leaf samples 



















LCV1a 7.16 Higher Triterpenoid Saponin 5.4 x 10-3 3.1 14.42 0.71 
LCV2 8.89 Higher Triterpenoid Saponin 1.5 x 10-3 2.6 14.01 0.76 
LCV3 9.16 Higher Triterpenoid Saponin 3.6 x 10-3 2.1 14.35 0.80 
LCV4 10.37 Lower Unknown 7.1 x 10-6 -8.6 -14.21 -0.71 
LCV5 10.68 Higher Unknown 8.0 x 10-4 3.2 16.00 0.71 
LCV6a 15.82 Higher Triterpenoid Saponin 1.5 x 10-3 3.1 14.58 0.80 
LCV7a 18.07 Higher Unknown 2.8 x 10-6 6.0 15.63 0.76 
aEntity LCV1, LCV6 and LCV7 were previously identified as being significant in the ‘Age’ or 
‘Processing’ comparisons. 
 
 Unsurprisingly, several of the compounds identified in this comparison had already been 
identified in either the ‘Age’ or the ‘Processing’ comparisons. Additionally, 4 of the entities 
identified, including 2 identified in the previous comparisons, have spectrums consistent with 
triterpenoid saponins. It had not been possible to determine the specific triterpenoid saponins 
identified as significant in the ‘Processing’ and ‘Age’ comparisons, however, through 
comparison of mass spectrum and retention time data derived from the analysis of the previously 
isolated standard compounds, it was possible to putatively identify the 2 newly identified 




Figure 5.7 Mass spectrometry data for phytolaccoside B standard (bottom) and entity LCV3 (top) 
identified as significantly higher in ‘Active’ versus ‘Non-active’ leaf samples in the ‘Cell Viability’ 
comparison. 
Entities LCV2 and LCV3 had retention times and mass spectrums that matched those 
obtained for phytolaccoside D and phytolaccoside B, compounds 4 and 2 in Table 5.1 
respectively (Figure 5.7 and Figure 5.8). Both these compounds had been found to be active in 
the RAW264.7 cell viability assay. This provides evidence that the statistical correlations can 
detect active compounds. It is not possible to say whether the other entities found to be 
significant are also active. Further studies to isolate, characterize and directly test the activities of 
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Figure 5.8 Mass spectrometry data for phytolaccoside D standard (bottom) and entity LCV2 (top) 
identified as significantly higher in ‘Active’ versus ‘Non-active’ leaf samples in the ‘Cell Viability’ 
comparison. 
The results from the ‘iNOS’ comparison is shown in Table 5.6.  
Table 5.6. Entities identified as significantly different between ‘Active’ and ‘Non-active’ leaf samples 
classified based on the iNOS inhibition assay, by all three statistical tests described. 
















LN1a 8.89 Higher Triterpenoid Saponin 1.8 x 10-11 7.6 43.0 0.96 
LN2a 9.16 Higher Triterpenoid Saponin 1.3 x 10-11 8.1 41.2 0.94 
LN3b 10.83 Higher Unknown 1.7 x 10-9 10.6 35.7 0.83 
LN4 10.84 Higher Unknown 7.6 x 10-10 14.6 43.6 0.97 
LN5b 10.92 Higher Unknown 3.3 x 10-10 6.6 43.1 0.99 
LN6 14.85 Higher Triterpenoid Saponin 1.9 x 10-9 13.9 44.6 0.99 
LN7 14.86 Higher Triterpenoid Saponin 1.7 x 10-9 13.5 43.9 0.99 
LN8b,c 14.87 Higher Triterpenoid Saponin 2.2 x 10-9 13.1 43.3 0.99 
LN9 16.88 Higher Unknown 2.4 x 10-9 13.7 44.3 0.99 
LN10 16.94 Higher Unknown 2.4 x 10-9 13.2 43.4 0.99 
LN11a,b,d 18.07 Higher Unknown 2.2 x 10-8 13.4 44.2 0.98 
aEntity was previously identified as significant in the ‘Cell Viability’ comparison. 
bEntity was previously identified as significant in the ‘Processing’ comparison. 
cEntity was previously identified as significant in the ‘Age’ comparison. 
dEntity was previously identified as significant in the ‘Location’ comparison. 
Results showed 11 entities as being significantly higher in ‘Active’ versus ‘Non-active’ 
samples. Among the entities determined to be significant were 5 triterpenoid saponins including 
phytolaccoside B and phytolaccoside D. Both these entities had also been found to be significant 
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in the ‘Cell Viability’ comparison. Again, both these compounds had demonstrated iNOS 
inhibitory activity indicating that these active compounds could indeed be detected through the 
statistical comparisons performed. 
Root Comparisons 
There were three harvest times for the root samples in this study, specifically, ‘October’, 
‘January’ and ‘May’. Results presented in the previous chapter have already established that 
there were significant differences between the profiles of samples harvested on different dates. 
Further details on these differences can be obtained through additional statistical analysis. Thus 
three separate sets of comparisons were made, specifically, ‘October’ samples versus ‘January’ 
samples, ‘October’ samples versus ‘May’ samples and ‘January’ samples versus ‘May’ samples. 
Results from comparison of the harvest times indicated that there were 52 entities that 
differed significantly among the harvest time comparisons (Table 5.7). This indicates that a 
substantial number of metabolites can change in the roots over the span of several months. 
Overall, the changes in levels over the season were varied with no clear general trend that could 
be assigned to all the observed entities. 
The comparison between ‘October’ and ‘May’ samples had the greatest number of 
entities shown to be significantly different, with 33 entities identified in total and 13 of them 
only identified within this comparison. Between ‘January’ and ‘May’ there were 27 entities that 






Table 5.7 Entities identified as significantly different in the root harvest time comparisons. NSD = No 




Time (min.) Sample Class 
Amount in 'October' 
vs. 'January' 
Amount in 
'January' vs. 'May' 
Amount in 
'October' vs. 'May' 
R1 1.46 Unknown NSD NSD Lower 
R2 1.69 Unknown Higher NSD Higher 
R3 1.70 Unknown Lower Higher Lower 
R4 1.71 Unknown Higher NSD Higher 
R5 1.72 Unknown Lower NSD Lower 
R6 1.85 Unknown NSD Higher Higher 
R7 1.91 Unknown NSD NSD Lower 
R8 2.00 Unknown NSD NSD Higher 
R9 2.01 Unknown NSD NSD Higher 
R10 2.08 Unknown Lower NSD NSD 
R11 2.35 Unknown NSD Higher NSD 
R12 2.41 Unknown NSD NSD Higher 
R13 2.63 Unknown NSD NSD Higher 
R14 2.67 Unknown NSD Higher Higher 
R15 2.82 Unknown NSD Higher Lower 
R16 3.40 Unknown NSD Higher Lower 
R17 3.41 Unknown NSD Higher Higher 
R18 3.43 Unknown NSD Higher NSD 
R19 3.46 Unknown NSD Lower NSD 
R20 3.52 Unknown Lower NSD Higher 
R21 3.68 Unknown NSD Higher Higher 
R22 4.59 Unknown Lower NSD NSD 
R23 6.34 Triterpenoid Saponin NSD Lower Lower 
R24 7.16 Triterpenoid Saponin Lower Lower NSD 
R25 7.17 Triterpenoid Saponin Lower Lower Lower 
R26 7.84 Triterpenoid Saponin NSD NSD Higher 
R27 8.34 Triterpenoid Saponin NSD Lower NSD 
R28 8.37 Triterpenoid Saponin Lower NSD Lower 
R29 8.70 Unknown Lower NSD Higher 
R30 8.74 Unknown NSD Lower NSD 
R31 8.89 Triterpenoid Saponin NSD NSD Higher 
R32 9.10 Triterpenoid Saponin NSD Lower Lower 
R33 9.13 Triterpenoid Saponin Lower NSD Higher 
R34 9.16 Triterpenoid Saponin NSD Lower Higher 
R35 9.23 Triterpenoid Saponin Lower NSD NSD 
R36 9.28 Triterpenoid Saponin NSD NSD Higher 
R37 9.44 Triterpenoid Saponin NSD NSD Higher 
R38 9.52 Triterpenoid Saponin Lower Higher NSD 
R39 10.07 Triterpenoid Saponin NSD Higher NSD 
R40 10.09 Triterpenoid Saponin NSD NSD Higher 
R41 10.39 Unknown Lower NSD Higher 
R42 11.06 Unknown NSD Lower NSD 
R43 11.16 Unknown NSD Lower NSD 
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R44 11.22 Unknown NSD Lower NSD 
R45 11.33 Unknown NSD Lower NSD 
R46 11.50 Unknown NSD Lower NSD 
R47 11.51 Unknown NSD Lower NSD 
R48 12.24 Unknown NSD Lower NSD 
R49 12.25 Unknown NSD Lower NSD 
R50 12.54 Unknown Lower NSD NSD 
R51 13.72 Unknown NSD NSD Lower 
R52 16.99 Unknown NSD NSD Higher 
# of Significant Entities 16 27 33 
# of Unique Significant Entities 4 13 13 
 
Just as with the leaf analysis, bioactivity data is available for the root material being 
analyzed. As such, direct comparisons between root samples showing activity and root samples 
showing no activity can be performed. The major bioactivity observed with the ‘October’ and 
‘January’ root material was PPARγ activation. Statistical comparisons between samples showing 
PPARγ activation activity versus samples showing no PPARγ activation activity were thus 
performed.  
Results from the Mann-Whitney test and the significance of microarrays procedure 
identified several entities having significantly different levels between the ‘Active’ and ‘Non-
active’ samples (Table 5.8). The p(cov) and p(cor) plots obtained from the PLS-DA model also 
identified several entities that had particularly strong influences on the PLS-DA prediction 
model. Combining the results from all three procedures resulted in 9 entities identified as being 
highly significant with respect to PPARγ activation activity. Furthermore, only 7 of these entities 





Table 5.8 Entities identified as significantly different between ‘Active’ and ‘Non-active’ root samples, 



















RA1 1.85 Higher Unknown 8.5 x 10-5 93.2 35.39 0.97 
RA2 2.35 Higher Unknown 8.1 x 10-5 62.8 36.10 0.97 
RA3 6.34 Lower Triterpenoid saponin 1.1 x 10-16 -108.6 -35.05 -0.94 
RA4 7.17 Lower Triterpenoid saponin 2.7 x 10-21 -207.6 -34.17 -0.93 
RA5 7.84 Higher Triterpenoid saponin 1.5 x 10-4 34.2 36.56 0.96 
RA6 8.89 Higher Triterpenoid saponin 1.7 x 10-4 33.7 35.39 0.96 
RA7 9.28 Higher Triterpenoid saponin 2.9 x 10-4 19.9 35.99 0.95 
RA8 10.07 Higher Triterpenoid saponin 8.2 x 10-5 16.0 36.45 0.97 
RA9 10.39 Higher Unknown 1.0 x 10-4 32.5 36.06 0.97 
 
The majority of the entities had mass spectrums that corresponded to triterpenoid 
saponins demonstrating the high correlation between this class of compounds and the activity of 
the root material. Interestingly, the 2 entities that were found to be lower in ‘Active’ versus ‘Non-
active’ were among those entities identified as triterpenoid saponins. From the initial 
comparisons of the profiles for the samples harvested at the three different time points it is clear 
that the levels of individual triterpenoid saponins vary among the samples (Table 5.7). In 
contrast to the leaf material where every entity identified as a triterpenoid saponin increased as 
the season progressed, there was no universal seasonal pattern observed for the entities identified 
as triterpenoid saponins in the root material. Some saponins increased and others decreased in 
the samples harvested in different months. 
As evidenced from literature sources and the results shown in chapter 2 of this study, not 
all of the triterpenoid saponins have been shown to be bioactive or possess the same 
potencies18,19,78. It is possible that seasonal and environmental triggers to the biomolecular 
pathways responsible for producing and/or manipulating the different triterpenoid saponins 
within the plant can lead to the accumulation and/or reduction of individual saponins in the plant 
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which, in turn, could be an important factor in the observed bioactivity in the root samples. Thus, 
activity observed with roots harvested in the winter months could be partly due to environmental 
triggers that prompt these roots to produce and/or accumulate a relatively higher proportion of 
biologically active triterpenoid saponins. 
Each of these entities identified as significant in this comparison had also been previously 
identified in either the ‘October’ versus ‘May’ or the ‘January’ versus ‘May’ comparisons with 
only 3 entities identified in both of the comparisons. This was expected as both ‘October’ and 
‘January’ samples had demonstrated bioactivity whereas the ‘May’ samples did not. As such a 
comparison between either ‘October’ or ‘January’ samples against ‘May’ samples could be 
considered a limited comparison between ‘Active’ and ‘Non-active’ samples. 
The additional samples available for statistical analysis when all the ‘Active’ samples are 
used provides for a more powerful statistical analysis. Additionally, using all ‘Active’ samples in 
the comparison should lead to the identification of those entities having the highest difference 
between mean abundance levels in ‘Active’ versus ‘Non-active’ samples. In theory, it is these 
entities that should be the likeliest to have bioactivities associated with them.  
There may be advantages however, to keeping the two sets of ‘Active’ samples separate. 
It is not a certainty that the same compounds are responsible for the same activity in both sets of 
samples. Indeed, the score plots from the PLS-DA analysis appeared to show 2 distinct clusters 
of ‘Active’ samples corresponding to the different harvest months (Figures 4.18 and 5.9). 
Furthermore the statistical comparisons showed there were 16 entities that differed significantly 
between the two sample sets. These observations show that the two sets of ‘Active’ samples have 





Figure 5.9 PLS-DA score plot of the first three PLS components for root samples using PPARγ induction 
activity as the categorical variable. Samples are colour coded based on whether the sample was ‘Active’ 
or ‘Non-active’ with regards to induction of PPARγ activity. The circled areas show apparent clusters of 
active samples. 
Mass spectrometry data and chromatographic retention times could be used to identify 
several of these entities. By comparing the retention time and mass spectrometric data of entity 
RA6 to the corresponding data obtained from the isolated compounds described in Chapter 3, it 
was possible to identify this entity as phytolaccoside D (Figure 5.10).  
 
Figure 5.10 Mass spectrometry data for phytolaccoside D standard (bottom) and entity RA6 (top) 
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Among the other entities that had mass spectrums that corresponded to the triterpenoid 
saponins was one that could be tentatively identified based on its mass spectrum (Figure 5.11). 
Entity RA8 had several m/z peaks that suggested that it could be phytolaccagenin (Figure 
5.12)84. The ions at 533.3472 m/z, 550.3744 m/z and 571.3036 m/z could correspond to [M+H]+, 
[M+NH4]+ and [M+K]+ components respectively. The ion at 515.3379 m/z would represent the 
loss of water and a further loss of a hydroxy group would result in the ion at 497.3267 m/z. 
 
Figure 5.11 Mass spectrometry data for entity RA8 identified as significantly higher in ‘Active’ versus 













Figure 5.12 Structure of phytolaccagenin. Entity RA8 was tentatively identified as this compound. 
Entity RA6, which was tentatively identified as phytolaccoside D, did not show PPARγ 
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activity. In this context the compound did exhibit anti-inflammatory activity similar to that 
purported to be associated with root tinctures. Also, although not directly tested in this study, 
phytolaccagenin, another compound that was tentatively identified in higher levels among the 
‘Active’ samples versus the ‘Non-active’ samples, has been reported to possess potent anti-
inflammatory activity84,85. Even though the exact activities did not match the results of the assays 
performed, the comparison method was successful in identifying active compounds in higher 
levels in samples that, according to traditional and folk practice, should elicit activity as opposed 
to ‘Non-active’ samples.  
There would likely be additional active metabolites within the samples that were not 
considered significant using the strict statistical parameters of this study. The decision on what 
level of confidence used for each statistical test is an important consideration as the lowered 
levels will provide a greater number of lead compounds but will also result in a greater 
probability of encountering false positives. Very strict levels were selected throughout this study 
to minimize the chance of false discoveries, however, through relaxation of the selection criteria 
in the various statistical tests utilized it is possible to increase the number of ‘significant’ entities 
for further study. 
Using the benefit of hindsight, a process that has been described as the ‘science of 
retrospectroscopy’86, PPARγ activation activity data was re-examined with slightly relaxed 
significance levels. Adjustment of significance parameters, namely making the p-value = 0.1, Δ 
= 0.997, with a corresponding FDR = 4.59% and using the same p(cov) and p(cor) values, gave 
26 significant entities. Among the newly identified entities was one whose retention time and 




Figure 5.13 Mass spectrometry data for phytolaccoside A standard (bottom) and entity R38 (top) 
identified as significantly higher in ‘Active’ versus ‘Non-active’ root samples using a Mann-Whitney U 
test p-value of 0.1 and Significance of Microarrays Δ of 0.997. 
Interestingly this entity had been identified as one of the entities, entity R38, that varied 
in the original three harvest time comparisons, namely being found higher in the ‘October’ 
versus ‘May’ samples. This entity was also identified in the ‘October’ versus ‘January’ 
comparison which was essentially comparing two sets of ‘Active’ samples. This suggests that the 
variance of this particular compound in ‘Active’ samples can be rather high and, thus, the 
relatively tight initial conditions used for the statistical analyses precluded its identification when 
‘Active’ and ‘Non-active’ samples were compared. This also shows that compounds found 
significant when using one set of active samples may not appear in when the other set of active 
samples are used. The initial clustering in both the PCA and PLS-DA score plots suggested two 
clusters of active samples suggesting different active compounds may be present in each of the 
groups. As such there may indeed be advantages to performing separate comparisons using the 
different groups of active samples to detect these unique compounds. This finding reinforces the 
importance in selection of the parameters for the statistical tests indicating that this selection can 
have a great influence on the ability of the tests to identify significant entities. A balance 
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In this chapter, the data, knowledge and results obtained from all the previous chapters 
were gathered, synthesized and analyzed to test the overall hypothesis of this study. The results 
of these analyses provide significant evidence supporting the use of the ethnobotanical guided 
chemometric comparisons for the discovery of biologically active compounds in plant materials.  
Statistical comparisons of the leaf samples led to the identification of two compounds 
with demonstrated bioactivity, namely phytolaccoside B and phytlaccoside D. Similarly to the 
results from the leaf comparisons, several biologically active compounds were identified through 
the root comparisons, namely phytolaccoside D, phytolaccagenin and phytolaccoside A.  
The majority of significant entities identified with this approach possessed mass 
spectrometry profiles that suggested they were triterpenoid saponins. It is likely that several of 
these entities could also be biologically active as previous studies on Phytolacca spp. have 
identified several triterpenoid saponins that possess various bioactivities at various potencies. It 
is apparent that for several of the triterpenoid saponins identified in this study, concentration 
levels are subject to seasonal variations which may play a role in the variations observed for the 
biological assays. 
Among the entities classified as significant in the various comparisons were several 
entities that had mass spectrometry data that did not correspond to the triterpenoid saponins. As 
the majority of chemical studies on the Phytolacca spp. have focused on the oleanane-type 
saponins, these unknown entities may represent other classes of important compounds in the 
genus that could possess biological effects. Definitive proof of the connections between each of 
the entities identified as significant and any biological activity they may possess, would require 
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the isolation, and complete characterization of these compounds followed by specific bioassays. 






CHAPTER 6 SUMMARY AND CONCLUSIONS 
The overall goal of this study was to determine the viability and effectiveness of a novel 
approach utilizing ethnobotanical guided statistical comparisons to discover and identify 
biologically active compounds within the plant species Phytolacca americana L. This approach 
was tested by determining and then comparing the inherent chemical and biological variability 
within Phytolacca americana L. samples harvested and prepared according to traditional and 
folk practices. A second goal of this study was to use the data and results obtained through this 
process to support the further development of safe and effective traditional preparations of the 
plant. 
The final results from this study has demonstrated that the proposed approach is indeed a 
viable and effective means through which biologically active compounds can be discovered. 
Statistical comparisons of the leaf samples led to the identification of two compounds with 
demonstrated bioactivity, phytolaccoside B and phytolaccoside D, and three compounds were 
identified through the root comparisons, phytolaccoside A, phytolaccoside B and 
phytolaccagenin. Several other entities were also determined to be significant, including other 
unknown triterpenoid saponins, however, there was insufficient information available to 
determine their structures. Further isolation and identification studies would be required to 
accomplish this. Indeed, in the absence of isolated standards to verify the identified compounds 
do indeed possess the bioactivities of interest, such isolation experiments would be the next step 
in such a study. For the purposes of this study however, the primary goals were achieved through 
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reliance on the isolated standards obtained through the second specific aim. 
Ultimately it was the statistical comparisons that identified the significant compounds, 
however a large part of this proposed approach focuses on the ethnobotanical investigation of the 
plant prior to any statistical analysis is performed. Without some guidance, the selection of 
meaningful samples classes would be a difficult and highly random task given the large number 
of variables that could potentially have impacts. If every possible variable is considered the 
number of sample classes that would need to be compared would be unfeasibly high. Traditional 
and scientific sources can provide substantial information on what constitutes active and non-
active material, greatly facilitating the selection of the classes to focus comparisons on. 
Furthermore, in this study, information from the scientific literature guided the decision to focus 
isolation work towards obtaining the triterpenoid saponins from the P. americana root material. 
In theory, future studies seeking to determine unknown active compounds within plant materials 
would use the comparisons to guide the isolation activities, however, for this proof of concept 
study, the isolated triterpenoid standards proved invaluable in establishing the structures of 
several of the entities identified as significant through the statistical comparisons provided 
evidence supporting the use of this approach for active compound identification. 
Many of the bioactive entities that were identified through this study had mass 
spectrometry profiles that corresponded to triterpenoid saponins. This is not entirely unexpected 
as previous bioassay guided isolation studies performed on the plant have led to the isolation and 
identification of this class of compounds in the plant as well. It is heartening to see that the 
chemometric approach could independently identify the same class of compounds as the more 
established method for compound discovery.  
The entities found to be significant in the various comparisons were not exclusively 
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triterpenoid saponins. Among the components classified as significant in the various 
comparisons were several unknown entities. As the majority of chemical studies on the 
Phytolacca spp. have focused on the oleanane-type saponins, these unknown entities may 
represent other classes of important compounds in the genus that could possess biological 
effects. Definitive proof of the connections between each of the entities identified as significant 
and any biological activity they may possess, would require the isolation, and complete 
characterization of these compounds followed by specific bioassays. Further isolation and 
structural elucidation work would be a natural extension of this study and could provide further 
insights into the chemical and biological attributes of this plant. The mass spectrometry data 
obtained for those unknown entities identified as significant provides an ideal starting point 
through which these studies can begin.  
As demonstrated from the results of this study, the ethnobotanically guided chemometric 
approach utilized holds significant promise for compound discovery. The flexibility and 
adaptability of the approach are significant strengths that provide substantial capacity to expand 
this approach to further discovery. In theory, the approach is not limited to the analytical and 
bioanalytical methods used in this study. In essence, any analytical method that can produce 
sufficient information on the levels of compounds of interest within the plant and any bioassay of 
interest could be utilized. This particular study focused on the analysis of small molecules using 
UPLC-QTOF LC/MS. This method is ideal for the analysis of the triterpenoid saponins that were 
associated with the activities of the P. americana. The method, however, is ill-suited for analysis 
of proteins which another major class of compounds that are associated with the plant’s known 
bioactivities. An extension of the study to investigate these proteins would require the use of 
methods more suitable for the analysis of proteins, however, the general approach of the 
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statistical and biological comparisons would remain the same. To ensure that the most 
appropriate data and results are obtained, the analysis method(s) and bioassays that are ultimately 
selected for any given study using this study’s general approach for compound discovery should 
be well-guided with appropriate ethnobotanical and scientific information associated with the 
plant. 
Even the type of statistical approaches could be further expanded. The statistical methods 
used in this study were straight forward and were shown to be adequate for the purposes of this 
study. Not all data sets may be so accommodating and other techniques may be required. The use 
of several pre-processing techniques such as various means of scaling and normalization of the 
data could prove to be useful for certain data sets. Furthermore, there exist several other 
univariate and multivariate techniques that could be used that could be better suited for some 
data sets such as the Kolmogorov-Smirnov test, Wilcoxon signed-rank test, support vector 
machines, decision trees, neural network and random forests87. Each of these techniques has their 
own advantages and disadvantages and is suited towards different data and experiment types.  
The statistical approaches utilized in this study used binary classification systems and as 
such the relative strengths of the bioassay responses for each of the samples were not taken into 
account. The use of more correlation orientated statistical methodologies could provide even 
greater insight and prioritization of the compounds that have the greatest influence on the 
activities observed. Indeed, the apparent gradient observed from the PLS-DA plot examining leaf 
sample toxicity provides an initial glimpse into the potential use of non-binary statistical 
methods to detect and characterize dose response factors into the analyses. 
With regard to the secondary goal of this study, the results of these analyses also support 
the traditional use and practices associated with the plant. The bioassays have established that 
 
106 
both extracts and compounds derived from the plant have anti-inflammatory and toxic properties. 
Furthermore, these results indicate that both harvest time and preparation method affect the 
activities associated with the plant. In the case of the leaf material, the cooking and harvesting of 
‘Young’ and ‘Medium’ leaves were shown to be important in reducing their toxicity and for the 
root materials, harvesting of roots in the winter months resulted in ‘Active’ tinctures whereas 
roots harvested in the spring produced ‘Non active’ tinctures. 
It is apparent that the triterpenoid saponins have an important role in the bioactivities 
associated with the plant. This class of compounds was identified as significant for every 
comparison between ‘Active’ and ‘Non-active’ samples for a bioassay. For leaf material it 
appears that this class of compounds increases as the plant matures over the spring and summer 
seasons. As several of these triterpenoid saponins have been shown to be toxic, the increase in 
their levels over time could be contributing to the toxicity seen in samples harvested later in the 
season. Additionally, it is known that the level of these compounds can be reduced through 
processing, although they are not removed completely. The traditional practice to use cooked 
leaf material harvested in the early spring could ensure that any leaf material ingested would 
have lower levels of triterpenoid saponins. 
It is known that several proteins and peptides within P. americana have biological 
effects. The parameters of this study did not allow for the analysis of these classes of compounds 
so it is unknown exactly how much influence they would have in the activities that were 
observed in the samples prepared. Given the high heat treatment used in the preparation of the 
leaves, destruction and degradation of protein and peptides in the material during cooking is 
probable. It is suspected that these peptides and proteins could also contribute to the activity, 
particularly toxicity and immunodulatory affects, associated with P. americana leaves. 
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Unlike the toxicity associated with the leaves, based on these results, the apparent activity 
in the roots cannot be attributed to simple accumulation of the triterpenoid saponins. Indeed, the 
comparisons even showed that two triterpenoid saponins were found to be significantly lower in 
‘Active’ samples as compared to ‘Non active’ samples though there were also four saponins 
found to be significantly higher in the same comparison. The data from the comparisons suggest 
that the levels of individual saponins fluctuate during the season with some increasing, some 
decreasing and some doing both, from October to May. It is clear however, roots harvested in the 
winter have very different chemical and biological profiles from roots harvested in the spring and 
the harvest time is an important consideration for the preparation of medicinal products. 
It is possible that seasonal and environmental triggers to the biomolecular pathways 
responsible for producing and/or manipulating the different triterpenoid saponins within the plant 
can lead to the accumulation and/or reduction of individual saponins in the plant which, in turn, 
could be an important factor in the observed bioactivity in the root samples. Thus, activity 
observed with roots harvested in the winter months could be partly due to environmental triggers 
that prompt these roots to produce and/or accumulate a relatively higher proportion of 
biologically active triterpenoid saponins. Again triterpenoid saponins were not the only class of 
compounds found to be significantly different in the samples. Several unknown compounds 
detected in this study and compounds that could not be detected using the analytical methods 
used in this study, such as proteins or peptides, could also play a role in the activities observed. 
It is interesting that none of the tinctures prepared had any demonstrated toxicity whereas 
the ethanol extract dried down immediately after extraction was highly toxic and active in the 
other assays performed. This suggests that during the four week period the root material was 
sitting in the aqueous solution allowed for some further changes that appeared to reduce the toxic 
 
108 
and iNOS inhibitory and PPAR induction effects of the root extract. This suggests that the four 
week interval is essential for the preparation of safe tinctures by somehow reducing the levels or 
availability of the toxic compounds in the extract. A corresponding reduction in the other 
bioactivities could imply that the compounds responsible for these activities are the same as or 
linked to the toxic compounds in the extract. The therapeutic benefits of the tinctures could thus 
be a situation whereby the dose of active compounds is sufficient to elicit some beneficial effects 
but below the threshold to cause harm. The chemical profile for the ethanol extract had not been 
determined so a comparison between this extract and the tinctures was not performed; however, 
such comparisons could be a promising entry point for further studies. 
In conclusion, this study has established the utility of an ethnobotanically-guided 
chemometric approach for the discovery of active compounds within Phytolacca americana L. 
This study has also provided evidence supported the traditional use and practices of this species. 
Results from this study indicate the important role the triterpenoid saponins in the bioactivities 
associated with this plant. This class of compounds was not the only class of metabolites that 
were identified as important. The data obtained for the other unknown entities identified as 
significant serve as ideal starting points for further isolation and structural elucidation work, 
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